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INTRODUCTION 

Systematics is a wide ranging field.  It includes the naming of species, genera, and 

other taxonomic groups, the identification and interpretation of organisms and their 

remains, and analyses of the evolutionary relationships among groups.  In all of these 

roles it touches many sub-disciplines of biology and geology.  This dissertation is an 

exploration of all of these aspects of systematics.  It is arranged as six separate papers, 

each of which deals with a different aspect.  All of the papers are in some way connected 

with the systematics of the extinct Eutherian group Creodonta.  The dissertation includes 

specific work on alpha-level systematics, legalistic nomenclature, phylogenetic 

systematics, and the history and philosophy of constructing classifications from an 

evolutionary or other "natural" framework.  It also expands beyond the limits of pure 

systematics into other realms that systematics is only the necessary base upon which 

other work is based.  These include biostratigraphy, functional morphology, and 

evolutionary theory.   

All of these aspects of systematics are explored through work on hyaenodontid 

creodonts.  Creodonta is an extinct group of eutherian mammals.  As currently delimited, 

the first creodonts appeared in the mid to late Paleocene and the last died in the latest 

Miocene.  They lived in North America, Asia, Europe, and Africa and played the role of 

the dominant carnivore in terrestrial ecosystems on the continents for the first half of the 

Tertiary.  They are a very diverse group with more than 200 species currently recognized 

(Appendix I).  Unfortunately, they are very poorly studied.  They were originally 

recognized as a distinct group by Edward Drinker Cope in 1874, and were studied 

intensively by him in the late 19th century and by W.D. Matthew in the early 20th.  After 

Matthew, though, they have been given little treatment as phylogenetic interest shifted to 

earlier Mesozoic mammals.  Creodonts are morphologically very primitive for eutherian 



 x 

mammals.  They retain many primitive features of the dentition and skull of the earliest 

placentals.  For this reason, they may prove very useful in solving the puzzle of deep 

branching within Eutheria.  Before that, though, more must be known about variation and 

relationships within Creodonta.  This dissertation goes a long way toward that end.   

The first chapter of the dissertation forms a backdrop for the successive chapters.  

It is an exploration of the historical relationship between classification and natural order.  

It concentrates on mammalian and creodont classification.  The purpose of the second 

chapter is to update the identifications of the hyaenodontids from the Eocene Four Mile 

Fauna and to describe and illustrate material that is used in later chapters.  The third 

chapter straightens out some confusion over the nomenclature of several Eocene Eurasian 

genera of hyaenodontids that are included in the phylogenetic analysis of the fourth 

chapter.  The fourth chapter has the dual purpose of describing previously undescribed 

hyaenodontid postcranial material and using that information to form the basis of a 

phylogenetic analysis of the Hyaenodontidae.  The fifth chapter is similar to the fourth, 

but deals with basicranial morphology of hyaenodontids.  The final chapter is a synthesis 

of ideas from paleontology, systematics, embryology, and evolutionary theory to explain 

the multiple evolution of quadritubercular molars in mammalian history.  Together these 

chapters represent many of the various manifestations of systematics mentioned above. 
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HYAENODONTIDAE (CREODONTA, MAMMALIA) AND THE POSITION OF  
SYSTEMATICS IN EVOLUTIONARY BIOLOGY 

 
by 

 
Paul David Polly 

ABSTRACT 

Systematics is a wide ranging field.  It includes the naming of species, genera, 

and other taxonomic groups, the identification and interpretation of organisms and 

their remains, and analyses of the evolutionary relationships among groups.  In all of 

these roles it touches many sub-disciplines of biology and geology.  This dissertation 

is an exploration of all of these aspects of systematics.  It is arranged as six separate 

papers, each of which deals with a different aspect.  All of the papers are in some way 

connected with the systematics of the extinct Eutherian group Creodonta. 

The first chapter explores the historical links between classification and the 

underlying natural system.  It begins with Linnaeus' classification and his ideas on 

natural order and how he derived the former from the latter.  The classifications of 

Cuvier, Owen, Huxley, Kovalevskii, Cope, Matthew, Gregory, and Simpson are also 

compared to their ideas of natural order.  Changes in classificatory style are correlated 

with underlying conceptions of natural order.  Contrary to contemporary views on the 

subject, it is found that grade taxa and paraphyletic groups are specific constructs 

designed to demonstrate evolution rather than hold-over groups from pre-

evolutionary classifications. 

The second chapter re-examines the hyaenodontid creodont material from the 

Eocene Four Mile Fauna, which was last studied in 1960.  The material is identified 

to species level by comparison to material from the Bighorn Basin.  Previously 
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thought to include only three species of hyaenodontids, the Four Mile Fauna is now 

known to have had at least nine species.  These are Prototomus phobos, P. martis, P. 

secundarius, P. robustus, P. deimos, Arfia opisthotoma, A. shoshoniensis, 

Prolimnocyon haematus, and Acarictis ryani.  These taxa confirm previous age 

estimates of the Four Mile Fauna.  It spans the Wa2 and Wa3 subages of the 

Wasatchian Land Mammal Age.  This chapter was previously published in PaleoBios 

Volume 14, number 4, pages 1-10. 

The third chapter is co-authored with Brigitte Lange-Badré.  It untangles a 

complex nomenclature problem involving several European and Asian 

hyaenodontids.  In the taxonomic literature the generic names of 

Paracynohyaenodon, Propterodon, Prodissopsalis, Allopterodon, and Hurzelerius 

have been misapplied.  A new generic name, Eurotherium, is proposed for the species 

E. theriodis and E. matthesi, which had been incorrectly referred to the genus 

Allopterodon.  This paper is in press in Comptes Rendus de l'Academie des Sciences 

(Paris), série II, 317:991-996. 

A relatively complete skeleton of an early Eocene proviverrine skeleton is 

described in Chapter Four.  Its distinctiveness and phylogenetic relations to other 

proviverrines provide justification for its separation as a new genus, Gazinocyon.  A 

phylogenetic analysis of the Hyaenodontidae shows that the derived subfamily 

Hyaenodontinae is polyphyletic.  The genus Pterodon, along with Apterodon, 

Hemipsalodon, Megistotherium, Hyainailouros, and Sivapterodon, are referred to a 

new group, the Pterodontinae, to correct this problem.   

Chapter five examines hyaenodontid basicranial morphology.  The basicranial 

structure of Hyaenodon and Tritemnodon are described and illustrated in detail 

following work done in the past decade on the evolution and ontogenetic 
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development of this area.  They are compared to and the results synthesized with 

previously described and illustrated creodont basicranial material.  This indicates that 

the North American genus Tritemnodon is closely related to the European genera 

Cynohyaenodon and Quercitherium, a conclusion that had not previously been 

suggested. 

The final chapter presents a new hypothesis explaining the multiple evolution 

of quadritubercular molars in mammalian evolution.  New developments in 

embryology and evolutionary theory suggest that ordered, symmetrical patterns of 

morphology might be more easily produced in living organisms than disordered, 

asymmetrical patterns.  This information is used to hypothesize that the ancestral 

tribosphenic molar pattern is developmentally more difficult to produce than 

quadritubercular molars.  I suggest that the default trend in mammalian evolution has 

been to produce a quadritubercular molar if conditions allow.  Constraints involving 

shearing function maintained the tribosphenic form and kept the change to a 

quadritubercular form from occurring.  In lineages where the constraint was relaxed 

by a shift in diet to one that required grinding rather than crushing, molar morphology 

automatically shifted to the quadritubercular form.  The evolution of Apterodon is 

provided as an example in which functional change can be demonstrated to have 

happened before morphological change.   



 

1 

 

 

 

 

CHAPTER ONE 

 

 

 

REVOLUTION AND EVOLUTION IN TAXONOMY: MAMMALIAN CLASSIFICATION 

BEFORE AND AFTER DARWIN 
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Introduction 

Many systematists and historians of science have claimed that classification 

and the methods used in its construction did not change to reflect evolution after the 

publication of Darwin's Origin of Species (Russell, 1916; Dobzhansky, 1937; 

Simpson, 1945; Stevens, 1984; Winsor, 1985; de Queiroz, 1988; de Queiroz and 

Gauthier, 1990; and others).  According to this scenario, pre-evolutionary 

classifications were simply reinterpreted as a product of evolution without changes 

in the assumptions or methods that went into the construction of classifications nor 

into their basic content and structure (Dobzhansky, 1937; de Queiroz, 1988).  De 

Queiroz (1988) stated that "most of the developments in biological taxonomy from 

pre-Darwinian times to the present represent increases in accumulated information 

about living things and technological advances for gathering and analyzing this 

information" and not changes in philosophy or method (1988:239).  This view is 

common today in discussions of the "cladistic revolution" in taxonomy (Rowe, 

1987; de Queiroz 1988; de Queiroz and Gauthier, 1990).  For example, it has 

recently shown up in a debate over the definition of the group Mammalia (Lucas, 

1992; Rowe 1988; Rowe and Gauthier, 1992).  Rowe and Gauthier said that the 

"current debate over the name Mammalia highlights the fact that many 

paleontologists continue to operate in a system influenced in fundamental ways by a 

pre-Darwinian world view" (Rowe and Gauthier, 1992: 376). 

What is the "pre-Darwinian world view" regarding biological classification 

and why did it not change after the acceptance of evolution?  The pre-Darwinian 

world view is generally presumed to be equivalent to the scholastic view of static 

groups defined by essences (Hull, 1965; Rowe, 1988).  The reason that this aspect 

of taxonomy did not disappear is explained by some as the failure to distinguish 

between systems and classes (Griffiths, 1974; de Queiroz, 1988).  De Queiroz 
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defines a class as "a group defined by a property... or properties shared by its 

members".  He defines a system as "a more inclusive entity... whose existence 

depends on some natural process through which its elements... are related" (de 

Queiroz, 1988: 241).  In other words, classes are groups whose membership 

depends on some similarity specified by the classifier while systems are groups 

whose membership depends on some natural process independent of the classifier.  

De Queiroz argued that paraphyletic groups (groups containing an ancestor and 

only some of its descendants), common in pre-cladistic classifications, are 

equivalent to grade taxa.  Paraphyletic groups "are class concepts based on defining 

characters" (de Queiroz, 1988: 252).  He stated that "the persistent recognition of 

paraphyletic grade taxa is perhaps the best evidence that the Darwinian Revolution 

has not yet occurred in biological taxonomy.  Paraphyletic grades are holdovers 

from pre-evolutionary taxonomies based on the Scala Naturae, or great chain of 

being" (de Queiroz, 1988: 252). 

I will argue in this paper that classification did change dramatically after the 

general acceptance of evolution and that it was the introduction of grades and 

paraphyletic groups that characterized this "revolution".  It was their use that made 

post-Darwinian taxonomy unique.  I will argue that grade-style groups were 

adopted to demonstrate the evolutionary dynamics of a lineage evolving from one 

group to another.  I feel that many histories of classification (e.g. Gregory, 1910; 

Simpson, 1945; Mayr, 1982; de Queiroz, 1988) have missed this point because they 

have concentrated on the first uses of currently accepted taxonomic names or 

methods, without considering the contexts in which they were first proposed--a 

methodology that artificially leads to a perception of continuity between pre- and 

post-Darwinian taxonomy (but see Stevens, 1984).  This, in combination with the 

continual use of ranks in classification, which also give an artificial sense of 



 

4 

stability, has led to the perception that taxonomy has not changed to incorporate 

evolution.  I feel that it is more profitable to examine classifications in the historical 

and theoretical context of their genesis.   

I want to explore the genesis of the "pre-cladistic" taxonomy mentioned by 

de Queiroz (1988) and Rowe and Gauthier (1992).  Taxonomy before cladistics was 

the product of the evolutionary synthesis school of thought, which was formulated 

throughout the second quarter of the 20th century.  The synthesis is a complex and 

often nebulous concept to deal with in a concrete way and I will simplify my task 

by dealing specifically with higher-level mammalian classification.  G.G. Simpson 

was the last and perhaps greatest researcher to deal with this question before 

cladistics began to invade the mammalian world in the 1970's.  Simpson literally 

wrote the book on mammalian classification in his 1945 work, "The principles of 

classification and a classification of Mammals".  It was also Simpson who was the 

main contributor of ideas about phylogeny and higher level classification to the 

synthesis (Mayr, 1980; Gould, 1980).  I will examine the genesis of Simpson's 

views on classification and phylogeny and show that they are distinctly post-

evolutionary in philosophy, methodology, and content.  Because Simpson was a 

mammalian paleontologist the influences on his ideas about taxonomy came 

primarily from paleontology and previous mammal classifications.  I will, therefore, 

restrict myself to the history of mammalian classification and will end my 

exploration with Simpson's 1945 classification of mammals.  I will show that both 

Simpson's methodology of classification and the content of the groups he proposed 

in his classification were primarily post-Darwinian.  Furthermore, I will show that 

virtually all pre-Darwinian zoological taxonomy produced "systems" sensu de 

Queiroz and that classes, both grade taxa and paraphyletic groups, are distinctly 

post-Darwinian. 
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I will first explore pre-Darwinian taxonomy.  I will limit myself primarily to 

three mammalian classifications--those of Linnaeus, Cuvier, and Owen.  These 

authors were certainly not the only pre-Darwinian taxonomists, nor were their 

views necessarily representative of their time and place.  However, all three were 

disproportionately influential, both in the general field of biology and in 

mammalian classification.  Their views and classifications set the standard, either 

for continued work by subsequent authors or as whipping posts for their detractors.  

After assessing the state of taxonomy on the eve of the Origin in 1859, I will 

examine three alternative styles of evolutionary classification--those of 

Kovalevskii, Huxley, and Cope.  These, I argue, were synthesized in the early 20th 

century by taxonomists at the American Museum of Natural History and provided 

the genesis of Simpson's work. 

The Beginning of Modern Taxonomy:  Linnaeus and his Predecessors 

Formal taxonomic priority in zoology begins with Linnaeus [1707-1778], as 

do most discussions of taxonomy, including this one.  However, to understand 

Linnaeus' objectives it is necessary to understand the context in which his work was 

done.  Sloan (1972) has provided an excellent study of some of the influences and 

controversies in pre-Linnean taxonomy.  The origin of taxonomic biology began 

with the application of scholastic logic to the naming of organisms (Sloan, 1972).  

This method had its origins with Aristotle and Plato (Griffiths, 1974; but see Hull, 

1985) and consisted of definition by search for "essential characteristics" that 

allowed the recognition and definition of a natural group.  The general concept of 

the group, or genus, was recognized by the possession of certain essential 

characteristics, and its specific members, or species, were characterized by the 

many variations, or differentiae, of that essence.  Other characteristics were termed 

accidental and were considered unsuitable for taxonomy.  For a classification to be 
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natural, the essential character had to both exist and be knowable.  More 

importantly, there could be only one true essence for each group which had to be 

equally applicable to all members of the group.  In botany, for instance, 

essentialism led to taxonomy solely based on the reproductive structures, which 

were considered the essences of plant life (Sloan, 1972).  The use of genus and 

differentiae gave biological classification a hierarchical structure with smaller 

groups nested within more inclusive groups. 

The enlightenment, characterized by Bacon [1561-1626], Descartes [1596-

1650], Boyle [1627-1691], Spinoza [1632-1677], Locke [1632-1704], and Newton 

[1642-1727], spread to biological taxonomy by the 18th century.  It manifested 

itself in a conflict over the reality of essences and the ability of researchers to 

recognize them even if they did exist.  It was particularly questionable whether a 

single characteristic, such as the reproductive structures, was appropriate for 

biological taxonomy (Sloan, 1972).  One of the main proponents for the use of all 

characteristics of organisms in taxonomy and a predecessor of Linnaeus' was John 

Ray [1627-1705].  Ray maintained that essences were unknowable and that all 

observable characteristics, including the reproductive structures in plants, were 

accidental in terms of scholastic thought.  Because it was impossible to know the 

true essence of an organism, Ray argued that natural groups must be based on all 

characters (Sloan, 1972).  Ray produced a classification of plants that was 

hierarchical, just as older scholastic classifications, but instead of a single 

"essential" structure (such as reproductive organs) diagnosing the levels of the 

hierarchy, groups were based on features from many systems (including stem and 

embryo structure). 

The debate over essences or total evidence was in full swing when Linnaeus 

complete his Systema Naturae, but it seems to have had little effect on him.  
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Heywood (1985) argued that Linnaeus' system was outmoded at the time of its 

completion.  The general trend in biology after Ray was towards experimentation, 

increasingly concerned with deducing laws and processes, and less toward essential 

definition.   

Linnaeus' belief in the reality of essences and his reliance on scholastic logic 

of genus and differentiae placed him in a dying tradition in his own day (Stafleu, 

1971; Heywood, 1985).  Linnaeus' main objectives in his Systema was to 

standardize an increasing proliferation of biological names.  Researchers from 

different schools and universities each used their own system of naming organisms.  

Often, long strings of descriptors were used to distinguish subtle varieties (Stafleu, 

1971; Stannard, 1985) making taxonomy an almost incomprehensible subject.  

Linnaeus was less concerned with investigating natural laws and more concerned 

with making the names of organisms comprehensible to himself and others in his 

field.   

In fact, the hierarchical structure of Linnaeus' classification contradicted the 

conception of biological order that he himself had adopted by the later part of his 

career.  He attributed the similarities, or essences, shared by the species in a genus 

(and indeed the origin of intermediate species) to hybridization between a few 

originally created species (Stafleu, 1971; Hull, 1985).  This concept of species 

origin is, in many ways, the opposite of evolution.  In the latter, species originate by 

diverging from a common source with differences accumulating between the two 

resulting lineages over time.  A tree-like conception of relationships and a 

hierarchical arrangement of taxa results from an evolutionary paradigm.  In 

Linnaeus' hybridization concept, the maximum amount of divergence was present at 

the beginning as a result of the creation of the basic types by God.  Subsequent 

biological history amounted to the filling of gaps between the original species with 
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intermediate hybrids.  This process, often called degradation, suggests a net-like 

model of relationships, with a "horizontal" continuum of taxa delineated by 

artificial, arbitrary boundaries (Stevens, 1984).  Linnaeus himself made the analogy 

of relationships between species to towns on a map--each species was connected to 

others on all sides just as towns were connected by roads (Stafleu, 1971).  It is thus 

somewhat surprising that Linnaeus chose to arrange his classes, orders, and families 

as nested groups when this did not fit even his own ideas about order in nature.   

Hierarchical structure in classification was justified in another way.  

Linnaeus' use of genus and differentiae combined with Ray's insistence that all 

characters of an organ system be used for taxonomy resulted in what was later 

called the "principle of the subordination of characters" (e.g. Cuvier 1818, 1890).  

For this school, organ system determined group structure at one taxonomic level 

and another system at another level.  Each level had a rank--Kingdom, Class, Order, 

Genus, and Species.  The levels each had their own characteristics and origins.  For 

example, Linnaeus believed that God had originally created a single species 

representing each Order, then blended or hybridized them in all possible 

combinations to produce the Genera.  The Genera hybridized naturally, without 

divine guidance to produce species (Stafleu, 1971).  Thus, structure at the Ordinal 

level came from original creation, Generic diversity resulted from divinely guided 

hybridization, and Species diversity from natural hybridization.  It was in this way 

that Linnaeus' justified the hierarchical structure of his classification and vested his 

rankings with reality in the natural world.  The hierarchical structure, stemming 

from the original creation, superseded the web-like relationships subsequently 

produced by hybridization. 

The specifics of Linnaeus' (1758) classification of mammals was relatively 

simple, compared to its successors (Figure 1, A).  He divided the Kingdom Animale 
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into six classes (Mammalia, Aves, Amphibia, Pices, Insecta, and Vermes) using 

variations in the pulmonary system, the dentition, the penis, the senses, the 

integument, and the limbs.  Mammalia was divided into eight orders (Primates, 

Bruta, Ferae, Bestiae, Glires, Pecora, Belluae, and Cete) using variations in two of 

the systems used to diagnose the classes--the limbs and the dentition.  There are 

four unranked levels of subdivision between Class and Order in Linnaeus' 

classification, but it is unclear whether Linnaeus considered these natural groups, or 

whether they were only given as conveniences for keying the orders.  Each order 

was divided into genera (a total of 39; Figure 1, B), which were in turn divided into 

species.  Of the eight ordinal groups, only two names, Ferae and Cete, are still used 

for roughly the same organisms.  Primates, another name still in use, included bats 

(Vespertilio), which are not included in current versions of this group. 

There are several aspects of Linnaeus' classification to keep in mind when 

considering those that came after him.  Linnaeus believed in essences and a process 

(God and hybridization) that produced a real natural order that was recognizable by 

taxonomists.  Because Linnaeus, at least in his view, was using empirical data to 

recognize the process producing natural groups and to diagnose them according to 

the resulting "essences", his taxonomy must be considered a system as defined by 

de Queiroz (1988).  If they had been true "classes", then membership would have 

depended on previously recognized defining features.  No modification of the 

features defining the group would be necessary if it was a class because there would 

be nothing to "discover" about them.  Linnaeus and his contemporaries, however, 

tried to derive diagnostic characters for taxonomic groups from an underlying 

process or principle that explained natural order.  The diagnoses and memberships 

of groups changed as ideas about their underlying order changed.  If a previous 

group diagnosis required the inclusion of two organisms that were not considered to 
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be "naturally related", then the diagnosis was changed to reflect natural 

relationships.  This has all the hallmarks of a "system" sensu de Queiroz (1988).  

The only reason for rediagnosis of "classes" would be if they did not permit the 

unambigious assignment of newly discovered organisms to previously defined 

groups.   

Stevens (1984) showed that botanical taxonomy after Linnaeus largely 

discarded the idea of hierarchical structure and focused instead on net-like, 

reticulating relationships.  Taxonomic groups were thought to be artificially and 

arbitrarily delimited from each other.  Zoological taxonomy following Linnaeus 

was different.  Most zoologists continued to believe that a natural, hierarchical 

classification was possible and they searched for a secondary law or process that 

would explain the hierarchical structure that they observed.  During the hundred 

years between Linnaeus' classification and the publication of Darwin's Origin, there 

were a variety of classifications of mammals produced according to a variety of 

world views.  Buffon used a model of hybridization and Lamarck had a model of 

progressive evolution.  However, two authors had greater influence on the work of 

their contemporaries and successors than any of the others did.  These were Cuvier 

and Owen.  Their classifications became the standards upheld or vilified by others.  

Both men were superb anatomists who did careful, systematic work and both held 

powerful and influential positions in their fields (Desmond, 1982; Appel, 1987; 

Sloan, 1992). 

Cuvier's classification 

Georges Cuvier [1769-1832] was one of the most influential and powerful 

members of the natural history community in the early 19th century.  Between his 

appointment to the Academie des Sciences in 1795 and his death in 1832, he helped 

transform zoology and natural history in France from an almost non-existent state to 
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one of the most prestigious schools on the continent.  He helped guide the 

Academie and the Museum d'Histoire Naturelle through the turbulent years 

following the French Revolution so that the two institutions not only survived the 

upheaval, but prospered as well (Appel, 1987). 

Cuvier was a Protestant in an alternatingly atheistic and pro-Catholic state 

of uncertain political stability.  Because his position depended on the toleration and 

patronage of whatever faction was in power, Cuvier tried to keep religion and 

theory, which might be subject to political interpretation, out of French natural 

history (Appel, 1987).  Throughout his career Cuvier emphasized the discovery and 

collection of facts, attacking anything he considered to be beyond the realm of 

observation (Appel, 1987; Russell, 1916).  He was an anti-transformationist, but 

believed in the extinction of species and their replacement by other, similar species.  

He tolerated a limited application of the concept of homology, but did not accept a 

unity of composition in all animals, instead recognizing four unbridgeable 

embranchements--the Vertebrata, Articulata, Mollusca, and Zoophyta (Appel, 

1987).  Most importantly for purposes of understanding his classification, he 

believed in the primacy of function over form (Russell, 1916).  Cuvier believed that 

animals possessed all of the structures that they needed for their life functions.  

Needed structures occurred as required for functional performance and homologs 

were not necessarily to be found in organisms without that function (Russell, 1916; 

Appel, 1987).   

Russell (1916) summed up Cuvier's (1800) views on the functions 

governing organisms and their structure, saying,  

"Some functions... are common to all organized bodies--origin by 
generation, growth by nutrition, end by death.  There are also secondary 
functions.  Of these the most important... are the faculties of feeling and 
moving... [I]f nature has given animals sensation she must also have given 
them the power of movement...  These two faculties determine all the others.  
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A creature that feels and moves requires a stomach to carry food in.  Food 
requires instruments to divide it, liquids to digest it.  Plants, which do not 
feel and do not move, have no need of a stomach, but have roots instead" 
(Russell, 1916: 31). 

Cuvier saw functions, which he called "conditions of existence", as the founding 

principle of Natural History saying, 

"Natural History has... a principle on which to reason... and which it 
employs advantageously on many occasions; it is that of the conditions of 
existence...  As nothing can exist without the concurrence of those 
conditions which render its existence possible, the component parts of each 
must be arranged as to render possible the whole living being, not only with 
regard to itself, but to its surrounding relations..."  (Cuvier, 1890; 2-3). 

Cuvier considered function to be the ultimate explanation of organismal 

structure and both function and the order it imposed were directly observable.  The 

organism was a functional whole and classifications based on single organ systems 

or external characters were misleading according to Cuvier.  Because they were 

considered more important than other characters for elucidating natural groups, 

Cuvier's "conditions of existence" roughly correspond to Linnaeus' essences.  For 

Cuvier, a natural classification was hierarchical, because of the "principle of 

subordination of characters".  He derived the subordination of characters from the 

conditions of existence... 

"Some traits of conformation exclude others, while some... necessitate 
others...  The parts...that exercise the most marked influence upon the whole 
of the being are what are called...dominant characters, the others are the 
subordinate characters..." (Cuvier, 1890: 4). 

Cuvier constructed his classification to emphasize the importance of the 

functional requirements of organisms and to preclude evolutionist interpretations.  

The most inclusive divisions, the embranchements, were characterized by what 

Cuvier considered the most important of functional systems for an animal--"their 

alimentary cavity, from which their nutritive fluid penetrates all other parts..." 

(Cuvier, 1890: 8).  Since animals were mobile and unable to have roots like plants, 
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they first and foremost needed an alimentary system for their nutrition and, 

associated with movement and its requirements, nervous and circulatory systems.  

Features which corresponded with the arrangement of these systems, the first level 

of subordinate characters, diagnosed the four embranchements. 

The first of Cuvier's embranchements was the Vertebrata.  It was divided 

into four classes characterized by the "kind or power of their movements", which 

were subordinate to the respiratory system.  His four divisions were reptiles, fishes, 

mammals, and birds, each distinguished by its method of respiration and 

arrangement of the blood vessels.  Mammals were characterized by a double 

circulation with all of the respiration done by the lungs.  Cuvier considered this 

arrangement superior to reptiles and fishes, but inferior to birds, which had 

respiratory organs throughout their bodies because of their need for extra energy 

during flight.  In spite of the "inferiority" of their respiratory system, Cuvier placed 

mammals "at the head of the animal kingdom," 

"not only because this is the class to which we ourselves belong, but also 
because it is that which enjoys the most numerous faculties, the most 
delicate sensations, the most varied powers of motion, and in which all the 
different qualities seem together combined to produce a more perfect degree 
of intelligence,--the one most fertile in resources, most susceptible of 
perfection, and least the slave of instinct" (Cuvier, 1890: 26). 

The precise articulations of mammalian joints, which enhanced their movements, 

compensated for their "inferior" respiratory system and made mammals superior to 

other divisions of vertebrates. 

By emphasizing the overall superiority of humans, but attributing certain 

inferior traits to them, Cuvier repudiated both the idea of progressive evolution and 

a continuous scala naturae.  Lamarck, an exponent of progressive evolution, 

claimed that... 
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"[t]he mammals... exhibit the highest complexity of animal organization, 
and the greatest perfection and number of faculties that nature could confer 
on living bodies by means of that organization.  They should thus be placed 
at the end of the immense series of existing animals" (Lamarck, 1984: 167). 

In Cuvier's classification, mammals, while superior in their variety of 

locomotion and intellectual capabilities, were inferior to birds in their respiratory 

abilities.  This precluded the derivation of either birds or mammals from the other 

and confounded attempts to interpret animals as forming a continuous, linear 

spectrum of structure and complexity.  This strategy was continued in the 

subdivisions of mammals.  Cuvier recognized nine orders--Bimana, Quadrumana, 

Carnaria, Rodentia, Edentata, Marsupiata, Ruminata, Pachydermata, and Cetacea 

(Figure 2).  These orders were arranged by their foot structure and by their dentition 

and jaw structure.   

The subordination of the dentition to foot structure was necessary to Cuvier 

for two reasons.  First, it explained the universal correlation of two seemingly 

unrelated features found in ungulates--hoofs and herbivorous teeth.  If foot structure 

and locomotion was the primary organizing property of mammalian orders then 

those with hooves must have eaten plants simply because they could not grasp prey.  

Cuvier contrasted this situation with the unguiculate, or clawed mammals, which 

are not constrained in the same manner and ate both meat and plants.   

Cuvier departed from Linnaeus' classification by placing humans their own 

order.  This was the second reason for the subordination of dentition to foot 

structure.  This arrangement allowed Cuvier to recognize the overall superiority of 

humans, while considering them inferior to other mammals in certain aspects.  

Cuvier wanted to forestall claims of continuity of structure and progressivism 

between humans and other mammals, but he still wanted to consider humans 

special.  The inferior structure possessed by humans was their dentition and jaw 

structure: 
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"[Man's] short and but moderately strong jaws... and his canines being equal 
in only in length to the other teeth, together with his tuberculated molars... 
would scarcely permit him either to masticate herbage, or to devour flesh, 
were these condiments not previously prepared by cooking" (Cuvier, 1890: 
34). 

The hand, however, was "a faculty which is carried to its highest perfection 

in Man, in whom the whole anterior extremity is free, and capable of prehension" 

(Cuvier, 1890: 29-30).  By making humans inferior in their dentition, but superior 

in their hand structure, Cuvier both defused any argument of continuity of structure 

and made human intelligence a necessary consequence these basic structures.  

Cuvier explained that humans had a flimsy masticatory apparatus which 

necessitated food preparation.  This required the use of the hands, which 

necessitated bipedal posture.  This made humans slow and vulnerable to predators, 

which necessitated their intelligence to design weapons which they could make 

with their free and dexterous hands.  Cuvier emphasized other points of difference 

between humans and quadrupedal mammals.  The orientation and length of the 

limbs and the structure of the feet prevented humans from walking on all fours, 

even if they chose to do so.  The vascular supply to the brain was channeled to 

supply the "blood requisite for so voluminous an organ."  However, quadrupedal 

posture would result in "frequent apoplexies" because of the greater freedom of 

flow.  Finally, the human head was larger and heavier than those of other mammals, 

but it was not supported by a nuccal ligament.  This made it necessary to balance 

the head on the neck, which was only possible with a bipedal posture.   

By setting up his classification and descriptions in this way, Cuvier painted 

a picture of humans as very distinctive, functionally complete animals.  By 

removing even one of the features described in Cuvier's scenario, a human would 

not be able to meet the conditions of existence.  This meant that there was no 

intergradation of structure with other mammals, including the other Primates.  It 
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was an elaborate and clever rebuttal to Lamarck's scenario for human evolution in 

the Philosophie Zoologique: 

"[I]f some of the quadrumanous animals...were to lose...the habit of 
climbing trees and grasping the branches with its feet...and if the individuals 
of this race were forced for a series of generations to use their feet only for 
walking... there is no doubt...that these quadrumanous animals would at 
length be transformed into bimanous" (Lamarck, 1984: 170). 

Given Cuvier's scenario, Lamarck's transformation seems ludicrous because the 

"bimana" would be inviable unless all of the characteristics described above 

appeared at once.  A gradual transformation of the feet due to upright walking 

would not be enough to produce a human from an ape.  In fact, the animal's survival 

would be impossible because its bipedal locomotion would render it slow and 

defenseless to predators, but it would not have the intelligence or dexterous hands 

to defend itself.  Cuvier set up the situation so that transmutation would either be 

impossible or it would have to completely transform ape to man the instant its feet 

hit the ground.   

Cuvier further buttressed his position on the uniqueness of humans by 

dividing mammals in such a way that features shared by humans and Primates 

would be spread among so many groups that they would seem irrelevant to natural 

relationships.  He removed the Chiroptera from Linnaeus' Primates to his own 

group Carnassiers.  This split up potential features uniting humans and other 

primates, such as a pendulous penis and pectoral mammae, among three Orders.  

These characters would have to be considered "unindicative of relationship" and 

subordinate to other, more functionally important characters.  Cuvier did not simply 

remove humans to their own order because he thought they were special, he did it in 

such a way that all the bridges between Bimana and Quadrumana were burned.  

There was no way that one could be derived from the other or that they could be 

considered part of a continuous spectrum.   
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There are many other differences between Cuvier's and Linnaeus' 

classifications.  Linnaeus' Brutae is distributed amongst the Carnassiers, Edentata, 

and the Marsupiata.  The two groups of ungulates, Bellueae and Pecora, are 

rearranged into the Ruminata and Pachydermata.  The monotremes (unknown to 

Linnaeus), were considered by both Lamarck and Geoffroy as intermediates 

between birds and mammals.  Cuvier quietly slipped into the Edentata, safely 

separated from their avian neighbors by their "inferior" respiration and "superior" 

joint articulations. 

It is obvious from this discussion that Cuvier's explanation of order in nature 

was the functional requirements of animals.  He used his classification not only to 

promote this view, but to undermine transmutationist explanations.  Appel (1987) 

pointed out that Cuvier avoided an explanation of vestigial organs, which have no 

apparent function and are an apparent contradiction to his system.  He also arranged 

organisms in his classification to de-emphasize any intermediates which might 

weaken his principle of subordination or suggest transmutation.  This is echoed in 

Sloan's (1992) description of Cuvier's Cabinet d'anatomie comparée, in which all 

species were arranged taxonomically and displayed with skeletal, muscular, and 

anatomical preparations.  This allowed the viewer to see how various organ systems 

functioned in one species, but it was difficult to compare the same organ system 

between species or across wider taxonomic divisions.   

Cuvier's method of classification differed from Linnaeus' in that functional 

requirements were substituted for essences, but their basic taxonomic philosophy 

was the same.  Groups were constructed, not by simple similarity, but according to 

a theory of natural order.  Cuvier's classification replicated the order in nature 

produced by the system of functional requirement and his groups deserve the term 

system, rather than class.  Classification and its underlying process were 
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synonymous.  The process Cuvier envisioned produced a nested, hierarchical 

arrangement of taxa and was probably suggested to him by earlier taxonomic 

hierarchies. 

Cuvier's view of the primacy of function also dictated how he viewed 

geological history and fossil organisms.  Cuvier was familiar with the existence of 

extinct fossil species, distinct from any living forms (Cuvier, 1822a).  Extinction 

posed a potential problem for Cuvier.  Because every organism was supposed to be 

harmoniously adapted to meet its environmental requirements, extinction could not 

be caused by deficiencies in the organism.  The only possible cause of extinction 

was a great catastrophe that suddenly killed off a species, which is exactly the view 

Cuvier espoused (e.g. Cuvier, 1817).  He believed that periodic catastrophes killed 

all of the organisms on large sections of the globe, followed by repopulation from 

unaffected areas.  The origin of new species and the nature of the refugia from 

which post-catastrophic repopulation occurred were questions considered to be 

outside the "boundaries of scientific inquiry".  Cuvier was also forced to shoehorn 

fossil forms into the same groups containing living forms.  The functional 

requirements for life would have been the same for all organisms regardless of 

when they lived.  If organismal structure was dictated by life requirements, then 

fossil forms should have the same structures as modern forms.  Since the 

distribution of characters followed the principle of subordination, characters of 

fossil forms should be distributed in the same pattern as modern forms.  All fossil 

mammals, therefore, had to fit into groups based on extant forms.  This point will 

later be used in demonstrating differences in taxonomic philosophy between many 

pre-evolutionary classifications and their post-evolutionary counterparts. 

The motivation for Cuvier's taxonomic decisions were probably bolstered by 

the political situation in France.  The assault on his protestant faith by the often 
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rabidly atheistic government would have no doubt inspired Cuvier to prove that the 

transmutation of humans from Primates was impossible.  By defusing an alternate 

mechanism for human existence, creation by an overseeing god would remain the 

only viable alternative.  By carefully structuring his classification and the logic 

behind it, Cuvier stacked the biological odds in favor of his interpretation.  By 

making the claim that his own system was based on empirical observation and that 

others, particularly Lamarck's, were based on theory and "flights of fancy" made his 

position seem unassailable.  His scheme was so well crafted that it lasted for several 

decades as the state-of-the-art and his ideas are often resurrected for arguments 

against evolution today. 

Owen's classification 

The last years of Cuvier's life were spent in conflict with his colleague and 

former friend Etienne Geoffroy Saint-Hilaire [1772-1844] over the questions of 

homology and evolution.  Differences of philosophy built up during the careers of 

Cuvier and Geoffroy finally erupted in a public debate in Paris in 1830 (Appel, 

1987).  The debate in the Academy was specifically about homologies between 

Cuvier's embranchements Vertebrata and Mollusca, but it precipitated a wider 

debate over form, function, homology, evolution, and broad theorizing in biology.  

Both Cuvier and Geoffroy defended extreme positions that were untenable to most 

biologists (Appel, 1987) and subsequent work in France and elsewhere was an 

attempt to find some common ground between the positions.   

The work of Richard Owen [1804-1892] was shaped by the aftermath of the 

debate, by German philosophical anatomy (Russell, 1916; Sloan, 1992), and by 

debates in British society (Desmond, 1982, 1989).  Owen's view of life was more 

sympathetic to species change than was Cuvier's, but Owen was a strong opponent 

of Darwinism and natural selection.  He also denied "transmutation" of one species 
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into another.  For Owen, these were materialistic processes that could not have 

produced the harmony, patterns, and parallels that he perceived in nature.  He wrote 

that 

As to the successive appearance of new species in the course of geological 
time, it is first requisite to avoid the common mistake of confounding the 
propositions of species being the result of a continuously operating 
secondary cause and of the mode of operation of such creative cause.  
Biologists may entertain the first without accepting any current hypothesis 
as to the second.  (Owen, 1860: 403) 

The "current hypothesis" Owen was referring to was Darwin's theory of evolution 

by natural selection.  Owen argued that each species was eternally distinct, but that 

they changed over time in the same way individual organisms change in their 

embryonic development (Owen, 1992; Sloan, 1992).  The development of species 

was constrained by the archetype--the basic plan of homologies among organisms 

(Owen, 1846). 

Owen's view of species divergence was influenced by Karl Ernst Von Baer's 

[1792-1876] model of divergent embryological development (Desmond, 1982; 

Richards, 1992; Sloan, 1992).  Von Baer presented embryonic development as a 

process of divergence in which all species started from the same point (the zygote) 

and shared similar initial stages.  As their development continued the embryonic 

paths diverged and later stages showed progressive differentiation between species 

(Von Baer, 1828).  Von Baer's model was an alternative to recapitulation, in which 

early embryonic stages of "progressive" groups were the adult forms of "lower" 

groups.  Owen's archetypal divergence, based on Von Baer, was an alternative to 

Lamarckian progressive evolution, based on recapitulation, in which vertebrates 

began as fish, developed through amphibian, reptile, and bird stages and ended as 

mammals (Lamarck, 1984).  In Owen's view species all began developing from an 

archetypal form and progressively diverged from each other--the "developmental" 
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succession of species shared early stages in common but were more divergent over 

time (Desmond, 1982; Sloan, 1982).  Early representatives of major taxonomic 

groups, especially the "lower" groups, were seen first in the fossil record.  As 

development proceeding, more complex, divergent forms appeared.  Owen 

described Archegosaurus as a connection between fish and labyrinthodonts and an 

intermediate between reptiles and amphibians (Desmond, 1982).  Owen's view was 

that species' histories were both divergent and progressive (Desmond, 1982).  

Living species were not part of a continuous scale of nature, nor rungs on an 

evolutionary ladder, nor necessarily the most "perfect" members of their taxonomic 

group.  An example of the last point is Owen's concept of Dinosauria (Desmond, 

1979, 1982).  By showing Dinosaurs to be more perfect (=more mammal-like) than 

extant reptiles, Owen demonstrated that fossil record recorded degeneration as well 

as progression and that it did not support the Lamarckian view of a progressive 

escalator of evolution. 

Owen's classification of the mammals (1859) was presented at Cambridge 

just before the publication of Darwin's Origin, which Owen had seen in draft.  It 

was geared to deflect the materialistic generalizations of Darwin--in fact, the 

classification was published with two appendices, one called "On the Extinction of 

Species" and the other "On the Orang, Chimpanzee, and Gorilla with reference to 

the 'Transmutation of Species'".  The classification Owen presented refuted both 

progressionism and evolution.  Like Cuvier, Owen refuted progressive evolution by 

showing birds to be superior to mammals in some ways, but could elevate humans 

by their superior cognitive skills.  Owen made the case that mammals were inferior 

to birds in their pulmonary, respiratory, and muscular systems, but that they were 

superior to birds and all other animals in their "psychical" or mental abilities. 
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It was intelligent behavior that Owen picked as the "essence" of mammals 

and which he used to construct his classification.  He tied intelligent behavior to 

anatomy in an ingenious way.  He first linked mental ability with social behavior by 

associating it with mate finding and parental care. 

The instinctive sense of dependence upon another, manifested by the 
impulse to seek out a mate [is the] first step in the supercession....  To this 
sexual relation is next added a self-sacrificing impulse of a higher kind, viz. 
the parental instinct....  Still closer becomes the link between parent and 
offspring in the Mammalian class....  These beautiful foreshadowings of 
higher attributes are ...transitory in the brute creation and the relations soon 
cease....  The human species is characterized by the prolonged dependence 
of a slowly maturing offspring... in which are laid the foundations of the 
social system....  In this destination alone may we discern an adequate end 
and purpose in the great organic scheme developed upon our planet.  (Owen, 
1859: 21-22) 

Because Owen associated parental behavior with reproduction, it was only a small 

step to correlate it with reproductive anatomical structures associated with 

mammals, such as mammary glands.  In this way Owen proposed a form of genus 

and differentiae for mammal classification.  Mammals as a class were primarily 

defined by the presence of mammae in the adult female (part of the reproductive 

system) and by the linked "psychical" system.  The subdivisions of Mammalia were 

made using brain structure.  Not only was the logic seductive, the "essence" used to 

separate mammals from other animals was used for their subsequent subdivision, 

but it conveniently allowed Owen to separate humans completely from other 

mammals (Figure 3).   

Owen divided mammals into four groups--Lyencephala, Lissencephala, 

Gyrencephala, and Archencephala--by their brain structure.  The Lyencephala 

included monotremes and marsupials and was characterized by a brain without a 

corpus callosum and with small, smooth cerebral hemispheres.  The Lissencephala 

also had small, smooth cerebrae, but they possessed a corpus callosum.  Owen 
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associated the latter with "a remarkable modification of the mode of development 

of the offspring, which involves many other modifications" (Owen, 1859: 23).  The 

Lissencephala included bats, lipotyphlan insectivores, rodents, lagomorphs, and 

edentates.  Owen demonstrated many parallels, or "connections" between the 

Lyencephala and the Lissencephala.  In a table he listed correspondences between 

species of Lyencephala and Lissencephala, such as the toothless echidna with the 

anteater and the slow-moving, arboreal koala with the sloth.  He saw these 

connections as part of the beauty and symmetry of nature and further evidence of 

parallel modification from the archetype.  Owen's third group, Gyrencephala, 

included most other placental mammals except humans.  It included cetaceans, 

proboscidians, artiodactyls, perissodactyls, non-human primates, as well as the 

extinct Toxodon, discovered by Darwin in South America on his Beagle voyage.  

The Gyrencephala were characterized by a corpus callosum and enlarged cerebral 

hemispheres, usually with folded surfaces covering the olfactory lobes and most of 

the cerebellum.  This group was divided into the Mutiliata, Unguiculata, and 

Ungulata. 

Owen's final group was Archencephala, containing only humans.  This 

group was diagnosed by extremely large cerebral hemispheres, which extended 

beyond the olfactory lobes and the cerebellum.  The hemispheres, had two 

purportedly unique features--the posterior horn of the lateral ventricle and the 

hippocampus minor.  These, said Owen, endowed humans with their "peculiar 

mental powers" (Owen, 1959: 26), and it was these that T.H. Huxley latter attacked, 

both to help demonstrate that humans and apes were closely related and to discredit 

Owen and his views (Huxley, 1863; Irvine, 1955; Desmond, 1982).  In "On the 

Orang, Chimpanzee, and Gorilla" essay Owen, with painstaking care, detailed the 

differences between apes and humans.  He proposed that most of the differences 
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between the two were not adaptive.  Owen claimed that only osteological features 

involving muscle insertions had been shown to be adaptively variable in animals, 

and the differences between apes and humans did not involve variations of this 

kind.  He said, 

There is not [any] character [other] than those founded upon the 
developments of bone for the attachment of muscles, which is known to be 
subject to change through the operation of external causes.  [N]ine-
tenths...of the differences... distinguishing the gorilla and chimpanzee from 
the human species must stand in contravention of the hypothesis of 
transmutation and progressive development.  (Owen, 1859: 102) 

Desmond (1982) remarked that it is ironic that at the same time Owen was 

trying to find connections between groups, which he did with Archegosaurus and 

the Lyencephalous and Lissencephalous mammals, he was trying to minimize 

connections between apes and humans.  This highlights the two, sometimes 

conflicting points shaping Owen's classification--the demonstration of his 

archetypal theory and the defense of humanity's unique place in nature from the 

threat of materialistic evolution.  His classification, like both Cuvier's and Linnaeus' 

was completely hierarchical in structure and no living group was derived from 

another.  The hierarchical structure resulted from the progressive divergence of 

species from the archetype.  Its constituent groups were systems, in that they were 

constructed according to beliefs about the cause of order in nature and were not 

merely classes of similar individuals.  The arrangement of taxonomic groups and 

the natural process that produced it corresponded exactly.  His classification, like its 

predecessors, emphasized differences rather than similarities, differences that were 

thought to be reflections of dichotomies found in nature.   

Post-Darwinian Taxonomy:  Revolution and Evolution in Classification 

There is a huge literature on Darwin, his theory, the context of its origin, 

and its impact (e.g. Bowler 1983a,b, 1988; Desmond 1982, 1987; Ghiselin, 1969; 
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Glick, 1974; Himmelfarb, 1959; Richards, 1992; Sloan, 1992).  While the concept 

of evolution did not originate with Darwin nor was his mechanism of natural 

selection universally accepted, the publication of the Origin did serve as a catalyst 

for the general acceptance by the scientific community of evolution as fact.  

Taxonomists struggled to find evidence to support evolution and to adapt theory 

and method to it. 

If taxonomy had been the search for natural groups and their cause, Darwin 

had certainly provided a cause to base groups on.  The transition in taxonomy 

should have been easy--evolution produced a hierarchical, branching pattern of 

organisms and Linnean classification had a hierarchical structure.  All that was 

needed was the substitution of the concept of evolution for that of "essence", 

functional harmony, archetype, or what-have-you and the deed was done.  Darwin 

(1859: 398) said, "...[T]he grand fact in natural history of the subordination of 

group under group, which, from its familiarity, does not always sufficiently strike 

us, is in my judgment fully explained."  He goes on to say on the next page, "I 

believe... that the propinquity of descent,--the only known cause of the similarity of 

organic beings,--is the bond, hidden as it is by various degrees of modification, 

which is partially revealed to us by our classifications." 

This is not what happened.  Because of the ideologies that went into their 

construction, classifications such as Cuvier's and Owen's contained groups of 

organisms that were not assembled according to genealogy and were, therefore, 

unsuitable in an evolutionary framework.  Also, the "revolutionary" role that many 

evolutionists cast themselves in impelled them to make as clean a break with 

previous work as they possibly could.  This and their theories of evolutionary 

mechanism impelled some to abandon hierarchical group structure in favor of grade 

taxa.  In the remaining decades several alternative methods of evolutionary 



 

26 

classification were experimented with.  They were ultimately synthesized into a 

single methodology early in the 20th century.  It was the resulting synthesis that 

later influenced Simpson, Mayr, and other synthesis biologists and ultimately 

became the "traditional" taxonomy referred to in current debates over classification. 

Kovalevskii's Classification 

The story of post-Darwinian taxonomy begins, perhaps surprisingly, in 

Russia.  During the mid-19th century Russia was changing rapidly.  In 1855, Tsar 

Alexander II ascended to the throne after the reign of Nicholas I, a repressive ruler.  

Many of the events of Nicholas' reign, including censorship and the defeat of 

Russia in the Crimean War, and the political and social reforms of Alexander's, led 

to "unprecedented intellectual and social activity" (Todes, 1978; Paperno, 1988).  

Positivism and realism were at their height in the 1860's in Russia, and all aspects 

of society were open to question and reevaluation.  Science, particularly natural 

history, was held in high regard and seen as the answer to all of the problems 

plaguing Russia and the world (Paperno, 1988; Vucinich, 1988).  Immortalized by 

Turgenev's character Bazarov in Fathers and Sons and in Cherneshevskii's What is 

to be Done?, the younger generation, known as the "shetidesyatniki" or "Men of the 

Sixties", were the leaders of this cultural revolution.  They believed that "the new 

culture must be founded on real, that is materialistic, scientific values" (Berlin, 

1970: 29) and their hunger for new ideas, especially scientific ones, paved the way 

for immediate acceptance of Darwinism (Vucinich, 1988). 

One of these Darwin-hungry "shestidesyatniki" was Vladimir Onufrievich 

Kovalevskii [1842-1883].  He was the brother of Alexander O. Kovalevskii, a 

student of Von Baer's at the St. Petersburg Academy of Science and himself a 

Darwinian embryologist.  Vladimir was in jurisprudence school, but spent most of 

his time studying science with Alexander in St. Petersburg.  In 1868, after a brief 
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career of translating and publishing English natural history works, including several 

of Darwin's, Kovalevskii married Sof'ia Korvin-Krukoviskaia so that she could 

escape her father's control and study mathematics and left for Europe to study 

natural science (Todes, 1978; Paperno, 1988).  In 1871, after studying at 

universities and museums all over Europe with Haekel, Gegenbaur, Zittel, Fraas, 

Gaudry, Huxley, and Darwin, Kovalevskii decided to specialize by applying 

Darwinian natural selection theory to the study of ungulate phylogeny 

(Davitashvilli, 1951; Todes, 1978).  Unlike many of his contemporaries, 

Kovalevskii was first a Darwinian and second a paleontologist.  He accepted that 

there must be continuous intergradations in the history of life and that adaptation 

played an important part in the evolution and success of a group.  Thus, he accepted 

evolution and natural selection from the outset, proceeding with his study using 

them as guiding principles.   

Kovalevskii followed Darwin's suggestions on classification in the Origin.  

In his "Natural Classification of the Ungulates" (1873-4) he reconstructed a detailed 

ungulate phylogeny using dental and skeletal morphology, especially ankle 

structures, showing ancestor-descendant relationships and branching structure of 

extant and Tertiary ungulates (Figure 4).  Kovalevskii believed that Tertiary history 

began with a wet climate and swampy terrain which had gradually dried forming 

grassy plains.  He viewed ungulate history in this context and interpreted the 

reduction of digits in many ungulate groups to be the result selective forces.  He 

presented ungulate evolution as an original radiation from the "ur-ungulata", five-

toed forms adapted for soft, swampy environments.  Over time and in several 

lineages, ungulates reduced the number of digits in their feet through the process of 

selection by competition for food supplies on the newly forming plains.  

Kovalevskii proposed two types of digit reduction--adaptive and inadaptive.  In 
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one, not only were the digits reduced, but the ankles were rearranged to provide 

more direct support of the limb by the middle digits of each foot.  He said, "This 

mode of reduction I call the adaptive, or reduction in which such modification 

keeps pace with inheritance" (Kovalevskii, 1873: 154).  In the other, the digits were 

reduced, but ankle rearrangement did not occur.  He said, "This mode of reduction I 

call inadaptive or reduction in which inheritance is stronger than modification" 

(Kovalevskii, 1873:151). Modern ungulates were all descendants (except for the 

hippopotamus) of "adaptive" ancestors and the adaptive ankle rearrangement had 

taken place five times in ungulate history (Figure 4). 

Kovalevskii's classification was novel in several ways.  Kovalevskii 

departed from his predecessors and did not present a classification of ranked 

hierarchical groups diagnosed with lists of features.  Ranks such as Order, Family, 

etc. were not used.  He considered formal classification to be relatively 

uninteresting and unimportant to natural history.  Instead, he presented a 

phylogenetic tree and divided it into groups according to its branching structure.  

He named three unranked groups--Imparidigitata, Paridigitata selenodonta, and 

Paridigitata Bunodonta (Figure 4).  Diagnoses for the groups could only be gathered 

from the descriptions, comparisons, and arguments that went into the construction 

of the phylogenetic tree.  A theory of natural order (gradual evolution by natural 

selection) and data about the physical world (climatic history) were combined to 

produce his interpretations.  Each branches of his tree was described as adaptive or 

inadaptive.  The distinction between adaptive and inadaptive structures in the sense 

of Darwinian selection were made based on his phylogeny--adaptive structures 

were ones that allowed species to survive to reproduce and pass the structures on to 

their descendant species.   
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Kovalevskii's work made a great impression on the scientific community at 

the time.  It followed Darwin's suggestions in the Origin for an evolutionary 

classification very precisely.  Huxley, Darwin, Gaudry, and Fraas all commented 

favorably on it and felt that it provided convincing evidence, both for evolution and 

natural selection (Davitashvilli, 1951; Todes, 1978).  During the early 1870's 

Kovalevskii wrote several monographs, which were published in English, French, 

and German journals, and he took his doctorate at Jena in 1872 under Gegenbaur.  

Unfortunately for Kovalevskii, though, his method of "natural classification" did 

not catch on, although it did later influence workers in the early 20th century.  

Kovalevskii returned to Russia in 1873, where he was very poorly received (Todes, 

1978).  He had a difficult time obtaining a Russian degree or academic employment 

and, in 1883, killed himself. 

Huxley's Classification 

Meanwhile, in England, Thomas Henry Huxley [1824-1895] was 

experimenting with ways to combine the concept of evolution with the 

classification.  Huxley was a young turk in British biology who quickly came to 

odds with Owen and the biological "establishment" and who vehemently promoted 

Darwinism against them after the publication of the Origin (Irvine, 1955; Desmond, 

1982).  His career spanned a tumultuous period in English biology, beginning 

during Owen's academic acme, passing through years of controversy over the 

Origin, and ending with evolution well established in the scientific community.   

Huxley, needless to say, modified his views on many subjects during his 

career, and classification was no exception.  Unlike his predecessors and most of 

his contemporaries, Huxley virtually divorced classification from the underlying 

mechanism that produced natural order.  Winsor (1985) has suggested that Huxley 

first separated the two in response to Owen's somewhat bizarre metaphysical 
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explanations for natural order.  Owen explained the archetype as an "imprint on the 

Divine Mind", but to Huxley, in the 1850's, the archetype was merely a generalized 

abstraction based on observed facts leading to the conclusion of a unity of plan 

among organisms.  Huxley felt that taxonomic groups could be recognized without 

regard to any underlying process or explanation of natural order because they were 

based on observable differences and similarities found in organisms.  Huxley used 

this argument as a justification for his continued study of the homologies and 

archetypes of organisms while rejecting the heart of Owen's life's work (Winsor, 

1985), in much the same way as Owen used offhand rejections of the importance of 

natural selection with its materialist implications to justify his continued study of 

the unfolding of the vertebrate plan (Desmond, 1982).  In the 1860's and later, when 

Huxley had become the champion of Darwinism and largely discredited Owen over 

the hippocampus minor question, he continued to separate classification from 

underlying evolutionary processes--this time to enhance the image of evolution by 

depicting lineages evolving from one taxonomic group to another. 

At first Huxley's classification departed only slightly from his phylogenetic 

scheme.  In 1864 Huxley discussed the taxonomic arrangement of five groups of 

vertebrates (Mammalia, Aves, Reptilia, Amphibia, and Pisces), which he arranged 

into Ichthyopsida (comprising fish and amphibians), Sauropsida (comprising 

reptiles and birds), and Mammalia.  He stated that these five groups of vertebrates 

could alternatively be divided into just two groups--the Branchiate Vertebrata 

(containing fish and amphibians) and the Abranchiate Vertebrata (containing 

reptiles, birds, and mammals)--but he felt that the latter group was much more 

heterogeneous that the first and that the three-fold division was more appropriate.  

Huxley understood the phylogenetic relationships of these five taxa to be that birds, 

and probably mammals, were descendants of some ancestral reptile, that reptiles 
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were descendants of some ancestral amphibian, and that amphibians were 

descendants of some ancestral fish.  I think it is generally safe to say that most of 

Huxley's contemporaries would have considered amphibians and reptiles to be the 

most similar of the five groups and relatively distinct from fish on one hand, and 

birds and mammals on the other.  Keeping this in mind, Huxley's three-fold division 

of Vertebrata was very interesting.  He separated amphibians from reptiles--the 

former he placed with fish and the latter with birds.  If his readers already made a 

mental connection between amphibia and reptiles, then Huxley's classification 

would have subtly suggested a transition of fish to amphibian to reptile to bird.   

Desmond's (1982) example of Huxley's treatment of crocodile evolution and 

phylogeny shows how the idea of group stacked on group, weakly suggested in 

1864, was made more explicit in the next decade.  In 1875, Huxley proposed three 

suborders of crocodilians--Parasuchia, Mesosuchia, and Eusuchia--which were 

grades in an evolutionary, ancestor-descendant lineage.  All of the members of 

these groups formed one evolutionary lineage, divided at three points where 

morphological change was perceived by Huxley.  He justified the taxonomic 

division of the lineage by changing rates of evolution, which he said were faster 

early in crocodilian history and practically ceased in the Cretaceous with the origin 

of the Eusuchia.  Unlike Kovalevskii and Darwin, Huxley severed lineages 

horizontally to create stacked groups instead of basing groups on evolutionary 

branching and classifying related groups together.  Also unlike Kovalevskii, Huxley 

did not draw adaptation explicitly into his classification or phylogeny.  Ironically, 

Owen, in his work on the same crocodilians, explained changing morphologies in 

the context of changing functional requirements, sounding more like a Darwinian 

adaptationist than Huxley (Desmond, 1982). 



 

32 

Huxley carried the grade idea a step further in his 1880 "On the application 

of the laws of evolution to the arrangement of the Vertebrata, and more particularly 

of the Mammalia".  He said that "the palaeontological facts which have come to 

light... have completely broken down existing taxonomic conceptions, and that 

attempts to construct fresh classifications upon the old model are necessarily futile" 

(Huxley, 1880: 651).  What he meant was that classification had always consisted 

of the "construction of sharp logical categories" using anatomical or morphological 

characters.  Huxley argued that increased understanding of embryological 

development had "sapped" any clear, sharp definition from anatomical features and 

that the "importance of ancestral development necessarily follows" (Huxley, 1880: 

651).  He said that a classification could only be considered "natural" if it accounted 

for similarities and differences of the adult organism, the "successive stages of 

embryological development", and the "successive stages of the evolution of the 

species, or ancestral evolution".  To accomplish this, Huxley proposed that 

mammals be arranged "according to the scale of evolution of the mammalian type, 

or the particular rung of the "scala mammalium" on which they stand" (Huxley, 

1880: 652).  Those mammals most like non-mammalian vertebrates would be 

placed lowest on the scale and those most unlike them highest on the scale.  Huxley 

created four grades of mammals (Figure 5).  The first three--Eutheria, Metatheria, 

and Prototheria--were extensions of three previously recognized non-grade taxa.  

These were de Blainville's Ornithodelphia (monotremes), Didelphia (marsupials), 

and Monodelphia (placentals), which Huxley had used for mammal classification in 

1864.  Huxley first listed ten characteristics of Monodelphia (Figure 6:1-10) and 

made them characteristic of the Eutherian grade.  Metatheria was recognized by the 

possession of only some of these characters, with the implication that the others had 

not yet evolved at that stage.  Likewise, Prototheria was recognized by having even 
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fewer of the Eutherian characters, and the fourth group, Hypotheria, was recognized 

by the possession of only two eutherian characters.  Huxley claimed that his 

divisions were arbitrary and that, with further fossil finds, they would break down 

and only a single, continuous intergradation would be found from the "lowest" to 

the "highest" mammals.  Huxley placed an "O" on his diagram where there was a 

known representative and an "X" for a hypothetical ancestor that he expected would 

be discovered in the future. 

Huxley's method was a completely novel way of creating taxonomic groups.  

For instance, Huxley's Metatheria was conceptually very different from de 

Blainville's Didelphia, even though marsupials were the only known representatives 

of Huxley's group.  Instead of being recognized by marsupial characters, Huxley's 

group was recognized by the lack of evolution of placental or eutherian characters.  

Thus, marsupials were included in Metatheria, but other, non-marsupial animals 

could be included as well.  Huxley's diagram makes it clear that he expected all of 

the groups of placental mammals to have ancestors of Metatherian (and Proto- and 

Hypotherian) grade, and that the ancestors would not be marsupials.  In current 

terms, Huxley's grades were both polyphyletic and paraphyletic. 

Huxley's insistence that every order of mammals had separate ancestors on 

distinct lineages stretching back into the Hypotheria is best understood in the 

context of a broader backlash against natural selection that was occurring in the 

1870's and 80's.  The Englishmen St. George Mivart and William Boyd Dawkins 

argued that direction and purpose (divinely inspired) were part of evolution and 

they equated Darwin's materialistic interpretations with a decline in religious faith 

and morals.  They pointed across the English Channel to Paris, which was still in 

the flames of post-Revolutionary chaos.  This was, they claimed, because of the 

atheistic, materialist philosophies of the Revolution and the Paris Commune 
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(Desmond, 1982).  They wanted to divorce evolution from materialism and invest it 

with some "end purpose".  If evolution had a non-materialistic end goal, then it 

followed that there was no reason why the same end could not be reached from 

different beginnings.  Convergent and parallel evolution was a must for this point of 

view.  Mivart redefined the concept of homology with such a goal in mind, 

separating it from evolution and using it for any identical morphological features, 

regardless of whether they were inherited from a common ancestor or not 

(Desmond, 1982).  He proposed that evolution could produce the same features 

over and over again and that the same "grade of evolution" could be reached by 

several different lineages.   

The issue of widespread convergence was used as an argument against the 

study of phylogeny.  If the same structure could evolve in different lineages due to 

similar selective forces or because of divine guidance, then the use of homology as 

a guide in phylogeny reconstruction was suspect.  The acceptance of convergent 

evolution in separate lineages became a standard explanation of similar features in 

animals in widely separated parts of the globe and led to the widespread use of 

phylogenetic trees, such as Huxley's, with multiple lineages crossing grades of 

evolution (Desmond, 1982).  As this trend continued in the late 1880's and 1890's, 

any phylogenetic reconstruction at all became unpopular prompting Osborn's 

remark, "The great 'Schwindelbau', literally the 'disappearing structure' of 

paleontology, is the phyletic tree which adorns the end of many good as well as 

superficial papers; and recently, because of its extremely short life, has fallen into 

disfavor" (Osborn, 1893: 64). 

Cope's Classification 

In the United States, concerns over parallel evolution and development were 

spurring the study of phylogeny rather than inhibiting it.  Edward Drinker Cope 
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[1840-1897], a zoologist and paleontologist, was one of the central figures of the 

American neo-Lamarckian movement of the last half of the 19th century.  In 

addition to being one of the chief authors of neo-Lamarckian evolutionary theory, 

Cope provided the basic outline on which early 20th century classification and 

phylogeny of mammals was based.  The American neo-Lamarckians, like many of 

their European contemporaries, accepted the principle of evolution, but did not 

think that natural selection could be its major cause.  They developed a theory to 

explain both the origin of variation and direction in evolution using embryology 

(Pfeifer, 1965; Bowler, 1977).  Cope thought evolution proceeded by the addition, 

deletion, and changes in relative timing of steps in the developmental sequence of 

the embryo.  Natural selection only served to produce the variation indicative of 

species differences, but did not form genera, families, or other major taxonomic 

groups.  In fact, species could evolve from genus to genus or from family to family 

without loosing their specific identity (Cope, 1868; Bowler, 1977).  In that lineages 

could evolve from one taxon to another, Cope's taxonomic groups were similar to 

Huxley's grades.  Their specifics and the mechanisms producing them, however, 

were extremely different. 

In order to understand both Cope's view of taxonomic groups and his 

concept of evolution, it is necessary to understand Agassiz' 1859 Essay on 

Classification.  Louis Agassiz [1807-1873] was a Swiss zoologist who had moved 

to Harvard in the late 1840's.  He was a geologist, anatomist, and embryologist and 

vehemently anti-evolutionist.  In his Essay he developed a novel way of viewing 

classification and its ranking system.  He suggested that the types of characters 

diagnosing each rank in the taxonomic hierarchy were fundamentally different and 

a product of natural order, which Agassiz believed came from God.  Each rank had 

different sorts of features characterizing it.  Branches (equivalent of Cuvier's 
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embranchements) were each composed of organisms with a distinct body plan.  

Classes were the individual manifestations of the body plan, Orders were grades of 

perfection in the manifestation of the body plan, Families were grouped by their 

form, Genera were characterized by special features, and species were differentiated 

by relatively superficial features, such as color or ornamentation, that were adaptive 

responses to their particular environment (Agassiz, 1859; Winsor 1976, 1991).  For 

Agassiz, only specific characters were adaptive.  He believed that ranks were 

empirically observed and any animal could be placed in groups at each rank, except 

Orders, without reference to other organisms.  The vestment of ranks with specific 

biological meanings seems to have been original to Agassiz, and was certainly a 

different view than those espoused by Darwin, Kovalevskii, or Huxley, all of whom 

considered ranks arbitrary divisions made for convenience.  Agassiz had many 

students who were very influential latter in their lives, some of whom became 

central figures in the American neo-Lamarckian movement.  These included 

Alpheus Hyatt, Joseph Le Conte, and Alphaeus Packard, Jr. (Pfeifer, 1965; Winsor, 

1991).  Agassiz taught them, not only his views on classification and ranks, but also 

the importance of embryology in zoological study. 

While Cope was not a student of Agassiz, he did adopt Agassiz' scheme of 

rank meaning and an emphasis on embryology.  Inspired by his own belief in God 

and Agassiz' belief that the only organismal features influenced by the environment 

were specific characters, Cope devised a theory to account for evolution of non-

adaptive features.  He presented it in 1868 in a paper, designed as both a response 

and extension of Darwin's Origin, called "The Origin of Genera".  Cope's theory 

was based on embryonic transformation and included the concepts of parallelism, 

acceleration, and retardation.  Evolution proceeded by the addition of stages to the 

end of embryonic sequences of development (acceleration) and by the compression 
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of earlier stages into the earliest parts of the developmental sequence.  Closely 

related organisms, like the species of a single genus, could advance simultaneously 

to a new genus by the independent addition of a stage to their developmental 

sequence (exact parallelism).  If part of one species was accelerated, then it would 

recapitulate the exact ontogeny, including the adult form of the unaccelerated part.  

Divergence took place by changes in timing of development in different organ 

systems (inexact parallelism).  One species might retard the growth (regression) of 

the eyes, but otherwise remain the same as another species.  The more distantly 

related two species are, the more inexact their parallelism.  Early stages of 

development would be similar in widely divergent taxa because of the compression 

of early stages of ontogeny, but later stages would diverge in a Von Baer-ian 

manner.  For this reason, Cope was not the strict recapitulationist that Gould (1977) 

made him out to be.  Cope reasoned, using Agassiz' arguments about the 

characterization of ranks, that an organism may recapitulate features of associated 

with one taxonomic rank, but not those of other ranks.  For instance, he said that a 

human fetus may retain shark ordinal features, such as the layout of the aortic 

arches and cartilaginous skeleton, but will not exhibit any other features of the 

shark, embryonic or adult (Cope, 1872).  Using this logic, Cope hypothesized that 

species could move from genus to genus, or genera could move from family to 

family, or families could move from order to order while still retaining their own 

identity as distinct species, genera, or families.  Evolution was a process of 

saltations from one character based taxonomic group to another. 

Because of his acceptance of both evolution and Agassiz' system of 

taxonomic rank, Cope was forced to adopt a classification style that was similar to 

Huxley's in that lineages evolved from group to group.  Agassiz' arrangement of 

Orders in a scale of most perfect to least perfect easily lent themselves to a 
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progressive evolutionary interpretation, but his conviction that the characteristics of 

the various taxonomic ranks fundamentally differed from one another also led to 

Cope's distinctive style of classification and evolution.   An early example of the 

influence of Cope's evolutionary theory on his classification was his treatment of 

the blind cave crayfish (Cope and Packard, 1881; Winsor, 1991).  Cope discovered 

and described, with Alphaeus Packard, a new species of blind crayfish from 

Nickajack Cave in Kentucky.  This species, they determined, was descended from a 

terrestrial species found in Kentucky, different from the ancestral species of a 

previously discovered species of blind crayfish from Indiana.  The two blind 

crayfish species were the result of independent evolution.  Cope, however, chose to 

classify both blind species in the genus Oronectes using the argument that the 

atrophy of the eye was a generic character and the force of evolution, using the 

processes acceleration and parallelism, had caused two independent lineages to 

possess the same feature.  For Cope, this was the way that evolution could best be 

incorporated into classification.  Like Huxley's, Cope's taxonomic groups could be 

either paraphyletic or polyphyletic, as in the case of the parent genus of Oronectes 

and Oronectes itself. 

Cope's groups were unlike Huxley's in a number of ways, though.  Huxley 

maintained that the divisions between his groups were artificial and that, with 

further discoveries, they would meld into one continuous grade.  Cope's groups 

were very distinctly defined on the base of a single characteristic and their borders 

were very crisp.  Huxley's groups formed a ladder-like grade that all lineages 

passed through in a parallel and even fashion.  Cope's groups did not form any sort 

of ladder and evolution proceeded higgledy-piggledy, with lineages diverging, 

converging, and jumping from group to group. 
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Through his discoveries, descriptions, interpretations, Cope exerted an 

enormous influence on subsequent work in mammalian taxonomy and evolution.  

Cope's phylogenies and classification provided the framework on which 20th 

century taxonomy was based.  By the turn of the century, the study of phylogeny 

was considered impossible and highly speculative by the bulk of the biological 

community (Mayr, 1982; Bowler 1983b, 1988).  Henry Fairfield Osborn [1857-

1935] institutionalized Vertebrate Paleontology in America and made concerted 

efforts to formalize the study of phylogeny and to attract students to the field 

(Rainger, 1991).  An explicit theory of phylogenetic reconstruction and 

classification emerged in the early 20th century which synthesized the taxonomic 

groups of Cope with a methodology of phylogeny reconstruction based on 

Kovalevskii and some of the dynamics of grade taxa.  This synthesis was largely 

accomplished in the work of Osborn's students, particularly William Diller Matthew 

and William King Gregory.  They, in turn, trained or influenced many of the 

systematists who contributed to the study of phylogeny and higher-level 

classification in the Evolutionary Synthesis of the 1940's and 50's.  These included 

Charles L. Camp, Alfred Sherwood Romer, and George Gaylord Simpson. 

By the early 20th century, mammalian classification was so complex and 

contained so many groups that it is impossible to treat all of them here.  Instead, I 

will trace the history of one of Cope's mammalian orders, the Creodonta, to show 

how his classification was reinterpreted and amended by later workers.  Figure 6, 

reproduced from Organic Evolution (1896), shows Cope's final version of 

mammalian phylogeny and classification.  In it, lineages evolve from group to 

group, but not in the ladder-like manner of Huxley's classification.  There is a 

combination of grade and divergence reminiscent of Von Baer's embryological 

principle of development and divergence.  The monotremes gave rise to three 
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groups, one of which was the polyprotodont marsupials.  These, in turn, gave rise to 

three groups, one of which was the diprotodont marsupials, but the other two were 

placental groups--the Condylarthra and Creodonta.  In 1883, Cope considered the 

Creodonta as the central group from which all non-ungulate placental mammals 

were derived, but that was not the case when Cope first proposed the group in 1875. 

Cope originally proposed Creodonta as a suborder of Insectivora for several 

previously known genera from North America and Europe (Cope, 1875).  All of 

these had previously been classified in the placental order Carnivora or as 

marsupials, even though they were considerably different from recent forms of 

either group.  Cuvier (1822) was the first to describe and figure what was later 

called a Creodont.  He included it in the carnivore group and, while he realized that 

it was not exactly like any living species known to him, he gave no indication that 

he thought it might be a type of mammal completely different from the Carnivora.  

He concluded that it was an unknown genus of coati, raccoon, or some other 

member of the Carnivora.  Because of his assumption that the structure of extinct 

organisms was determined by the same functional requirements as living forms, 

Cuvier was forced to include this fossil in a taxonomic group that included recent 

species.  Others who described or discussed similar fossil forms later included in 

Creodonta, such as Owen and de Blainville, did the same thing. Laurillard and 

Pomel considered European forms to be marsupials.  Cope choice of classifying 

them in a distinct group was motivated by his interest in demonstrating evolution 

and change through time.  He created the Creodonta for all of the Eocene 

carnivorous placental mammals and differentiated them from recent carnivores by 

their ankle structure, which was more primitive and marsupial-like. 

At first Cope's Creodonta was fairly small, containing only six genera--

Didymictis, Oxyaena, Ambloctonus, Stypolophus, Pterodon, and Palaeonictis.  In 
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the next few years, however, the group ballooned, partly due to the discovery and 

description of new species which were assigned to the group, but more importantly 

because of Cope's reevaluation of mammalian evolution (Figure 7).  In the early 

1870's Cope believed that the primitive molars of mammals were low-crowned, 

four-cusped teeth, resembling those of humans.  He named the ancestral stock of 

mammals Bunotheria, after their low-crowned or bunodont molars.  He thought that 

all mammals were descended from an ancestor with such a dentition and that all 

other dentitions were derived from this type (Cope 1874b, 1875, 1877).  

Insectivores, carnivores, and creodonts all have molars that have sharp cusps 

arranged in interlocking triangles with three main cusps on the top molars and five 

on the lowers.  Cope believed this sort of dentition, called tribosphenic, arose by the 

reduction and loss of the inner posterior cusp on the upper molars and the origin of 

an inner anterior cusp on the lower molars, combined with the heightening of the 

anterior three cusps (Figure 7A).  This concept of dental evolution made the 

Creodonta, along with the Insectivora and Carnivora, small, specialized groups 

within Mammalia. 

Between 1877 and 1883 Cope reversed his idea about the sequence of dental 

evolution in mammals.  Based on new discoveries of early fossil mammals and 

reinterpretation of earlier finds, Cope came to the conclusion that the original 

mammalian molar was tribosphenic and that the four-cusped molars found in many 

groups were derived from the tribosphenic type (Cope 1883a, 1883b, 1884).  This 

reversal of Cope's perception of the primitive condition of the eutherian dentition 

necessitated a change in the concept of the mammalian evolution and classification.  

Now mammals with a tribosphenic dentition formed the basal group from which 

mammals with four-cusped teeth evolved.  Cope expanded the concept of 

Creodonta to include any placental mammals with small cerebral hemispheres and 
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tribosphenic teeth.  In 1883, at least twenty six genera in six families were included 

by Cope in the Creodonta (Cope, 1883c) (Figure 7B).  Many of these families were 

recognized by Cope to be ancestral to many recent orders of mammals.  In keeping 

with Cope's views on classification and evolution, his groups were both 

paraphyletic and polyphyletic.  The Carnivora were represented by several lineages 

that had evolved out of the Creodonta.  For instance, Cope considered the Felidae to 

be the descendants of Oxyaena and the Canidae to be descendants of the Miacidae 

(Cope, 1883).  In this sense, taxonomic groups were separated from the underlying 

pattern of evolution. 

Osborn and his students, while they wanted to preserve the best of Cope's 

work, did not want to accept groups originating from several parallel lineages.  

Osborn (1893) claimed that pre-Darwinian taxonomists considered the natural 

arrangement of animals to be circles.  While he does not explain this further, he 

likens the arrangements of Flower, Cope, and Lydekker to these "circular" schemes 

and says that they based groups on "members of different lines of descent which 

happen to be in the same stage of evolution."  He went on to say, "The extreme 

application of this method by Cope has led to a total misunderstanding abroad of his 

real phylogenetic views" (Osborn, 1893: 94).  In discussing ungulate evolution, 

Osborn advocated a system in which each lineage was assigned to a different family 

and sub-family ranks were used for different grades of evolution in each lineage. He 

said that the main goals of classification were to express "phyletic relationships" 

and, secondly, convenience (Osborn and Wortman, 1892).  He said that he preferred 

the method of Schlosser, who grouped extinct forms with their extant relatives.  

Osborn advocated a methodology for phylogeny reconstruction that incorporated 

features from as many systems (e.g. dentition, ankle structure, etc.) as possible and 

was based on studies of recent osteology, embryology of teeth and skeletons, "the 
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animal mechanics of Marey, Allen and Muybridge", paleobotany, geology, and 

geography (Osborn, 1893).  He praised Kovalevskii's work saying,  

 
"If a student asks me how to study palaeontology, I can do no better than 
direct him to the Versuch einer natürlichen Classification der fossilen 
Hufthiere, out of date in its facts, thoroughly modern in its approach to 
ancient nature" (Osborn, 1893: 5). 

Early 20th Century Taxonomy 

It was Osborn's students, Matthew and Gregory, who synthesized many of 

the principles of the above mentioned authors and, by adding to them, forged a 

complex and coherent method of phylogeny reconstruction.  Matthew and Gregory 

rejected Osborn's views on evolutionary mechanisms, particularly saltation 

(Rainger, 1991) and Matthew, in particular, rejected the notion of orthogenesis.  

Instead, they accepted that the bulk of evolutionary changes were adaptive 

responses to the environment, either by environmental change or the migration of 

organisms into new environments.  Matthew generally accepted Mendelian genetics 

and, in the 1920's, interacted to a limited degree with the Columbia geneticists T.H. 

Morgan and F.B. Sumner (Rainger, 1991).  Because Matthew and Gregory 

generally accepted evolution as a process of selection and adaptation, Cope and 

Agassiz' distinction between adaptive and non-adaptive characters was 

inappropriate.  Gregory (1910) replaced that concept with the concept of caenotelic 

and palaeotelic characters.  Caenotelic characters were those whose morphology 

was readily influenced by environmental selection.  Palaeotelic characters were 

more conservative due to a more indirect interaction with the environment.  

Gregory (1910) suggested brain structure, reproductive organs, basicranial 

morphology, and auditory ossicles as examples of palaeotelic characters.  Gregory 

considered these to be more indicative of broad relationships amongst mammals 
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due to their conservative nature.  He stated that palaeotelic characters could become 

caenotelic by a change in function, and that the phylogenetic value of the former 

was lessened by this transition (Gregory, 1910). 

Both Matthew and Gregory rejected the view of irreversible evolution and 

rampant parallelism that had led to the disparagement of phylogeny reconstruction 

in the late 19th century.  They did, however, recognize that convergent or parallel 

evolution was possible and that it was important to be able to distinguish it from 

inheritance.  They also realized that it was necessary to distinguish primitive 

characteristics inherited from distant ancestors from those that represented 

evolutionary novelties.  Gregory stated that "the greatest stumbling blocks of the 

phylogeneticist lie: first in the difficulty of distinguishing between primitive and 

specialized characters, secondly in the tendency to assume relationship between two 

given forms on the basis of similarities that may have been brought about by either 

parallel or convergent evolution" (Gregory, 1910: 105).  Matthew and Gregory also 

recognized that there were large gaps in the fossil record compounded with 

migrations of organisms into and out of any given area.  This meant that phylogeny 

could not be directly read from the fossil record.  To solve the problems recognition 

of convergence, primitive features, and fossil gaps, Gregory (1910) proposed that 

synthetic types be reconstructed by triangulation, "the characters of known forms 

merely afford variously situated points for the backward projection of assumed 

lines of development to their intersection in undiscovered synthetic types" 

(Gregory, 1910: 107).  This survey by triangulation combined with the ages of 

relevant fossils permitted the recognition of the order of appearance of diagnostic 

characters.  Gregory called this the historical method and stated that it "seems more 

likely to lead to lasting phylogenetic results than... setting down all similarities and 
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differences between two animals, without further analysis, and then striking a 

balance in the end" (Gregory, 1910: 112). 

Both Matthew and Gregory applied these principles in their discussions on 

phylogeny.  One example was their response to the recurring argument that 

creodonts were marsupials and not placental mammals.  Gregory said that "the 

resemblances between Creodonts and carnivorous Marsupials are due: first, to the 

inheritance of primitive characters from a very remote, perhaps Jurassic, Marsupio-

Placental stock; secondly, and perhaps chiefly, to the independent development in 

the two groups of similar adaptations to predatory carnivorous habits" (Gregory, 

1910: 300).  Both Gregory (1910) and Matthew (1909) responded point by point to 

a list of characters that Wortman (1902) proposed as evidence for a close creodont-

marsupial relationship.  They found them all to be either the result of convergent 

evolution or the retention of primitive characters from an ancestor of both 

marsupials and placentals.  They proposed several other characters which they 

considered to be shared specializations of creodonts with other placentals, 

particularly Carnivora. 

Matthew and Gregory also developed a procedure for constructing a 

classification based on phylogeny.  It combined aspects of the genealogical method 

of Darwin and Kovalevskii and the grade method of Huxley and Cope.  Matthew, 

following Schlosser (1888-1890), divided the Creodonta into the Creodonta 

adaptiva and the Creodonta inadaptiva.  The former contained forms, primarily the 

miacids, that were considered ancestral to the recent Carnivora.  The inadaptive 

group contained forms with no living descendants.  Matthew recognized two types 

of groups--"horizontal" and "vertical".  In the former "unspecialized ancestral types 

of several families are placed in a separate family, from which the later families are 

derived" (Matthew, 1901: 2).  In the latter, "primitive types are divided among the 



 

46 

various specialized families to which they are ancestral or approximately ancestral" 

(Matthew, 1901: 2).  The last is a genealogical grouping similar to that of 

Kovalevskii or Darwin.  The "horizontal" grouping described by Matthew is 

something new.  It is not a grade taxon in the sense of Huxley, because only 

primitive ancestral forms were included, their various descendants grouped in 

separate clades, and because membership was contingent on common ancestry, not 

possession of certain characteristics.  Matthew described the "horizontal" group as a 

collection of "unspecialized ancestral types" that "resembled each other more than 

they did any of the later specialized types".  Matthew said that either "horizontal" or 

"vertical" groups, "used exclusively, results in obscuring, or at least imperfectly 

indicating, the real relationships" of the organisms.  He said that the "horizontal" 

method obscured the true relationships of the primitive taxa with their specialized 

descendants, but that the "vertical" method obscured the close relationships of the 

primitive taxa to each other.  Matthew suggested that the most accurate way to 

show relationships was to map horizontal groups onto a phylogeny (Figure 8A). 

Matthew compromised between grade and clade taxa by constraining the 

membership of a grade to those organisms that were descended from a single 

common ancestor.  He retained the part of the grade concept by allowing 

specialized descendants to be removed from the group.  He judged the 

appropriateness of previously described groups by applying the criterion of 

common ancestry to previously described taxa.  If the original concept of a group, 

as Matthew interpreted it, was not violated by applying the criterion of common 

ancestry to it, then it was acceptable.   

Matthew's method is exemplified by his treatment of Cope's Creodonta and 

Schlosser's sub-group, Proviverridae.  In 1909, Matthew argued against the removal 

of the Creodonta adaptiva (Miacidae) from the Creodonta, even though were 
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considered ancestral to the Carnivora (Figure 8B).  He said that it was clear the 

Cope had included them in his original conception of the group and that one of his 

type genera (Didymictis) belonged to the Creodonta adaptiva.  Furthermore, he 

argued that Cope had regarded Creodonta as a primitive group that possessed 

primitive characters.  He said that "the definition of the suborder Creodonta is in 

accord with the general views of the author upon classification and phylogeny, 

according to which the suborder represents a structural group, defined by the 

possession of certain common characters indicative of relationship" (Matthew, 

1909: 320).  By applying the name Creodonta only to the inadpative creodonts, 

Matthew felt the concept of Cope's group would be altered so radically that the 

name would not be applicable.  Using the same criteria, Matthew (1901) rejected 

the continued use of Schlosser's Proviverridae because its members were not all 

descended from a common ancestor (Figure 8B). 

The American Museum systematists were the originators of a new kind of 

taxonomic group, currently termed "paraphyletic".  Its membership, on one hand, 

was constrained by common ancestry, but descendants did not have to be included 

if they had changed radically.  Previously described groups were tested and if they 

met these conditions they were retained.  If they did not, they were abandoned--any 

changes that violated the intent and scope of the original author were inappropriate.  

Many of the nominalistic classes and grade taxa of the late 19th century were 

retained using the ancestor criterion, but many were rejected if they did not meet it.  

Matthew (1901) argued that tradition was no excuse to retain a scheme of 

classification because the goal of classification is to express the "natural 

relationship" of organisms.  As ideas change about evolutionary relationships, 

classification should change as well. 

Simpson and the Evolutionary Synthesis 
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Finally, we return to the evolutionary synthesis of the 1920's, 30's and 40's.  

The "traditional classifications" discussed in recent literature are generally 

classifications produced by contributors to the synthesis.  It was George Gaylord 

Simpson [1902-1984] who was the chief contributor of "macroevolution" and 

supra-species classification in the synthesis (Gould, 1980; Mayr, 1980a).  Simpson 

provided both the philosophical concept of phylogeny and supra-specific taxa as 

they related to the synthesis model of evolution and the specifics of mammal 

classification (Simpson 1944, 1945, 1953). 

Simpson's view of phylogeny, classification, and the relationship between 

the two was largely influenced by Matthew and Gregory.  He said that "persons 

who influenced me personally...and who were in a way teachers about evolution 

included W.D. Matthew, H.F. Osborn, W.B. Scott, W.K. Gregory, [and] J.B.S. 

Haldane" (quoted in Mayr, 1980b: 453).  Simpson argued that "macroevolution" 

was no different than "microevolution", completely divesting evolution of the 

orthogenesis and embryological models of the neo-Lamarckians and their 

distinction between "adaptive" and "non-adaptive" characters (Simpson 1945, 

1953).  He accepted the classification structure of Matthew and Gregory, with both 

ancestral, paraphyletic taxa and descendant, clade taxa and noted that classification 

was partially separated from phylogeny and did not completely express it.  There 

were some major philosophical novelties to Simpson's work, though.  Unlike 

Matthew and Gregory, Simpson did not explain taxa in terms of the amount of 

divergence from the ancestral form, but in terms of adaptation.  Matthew (1901) 

had argued that ancestral forms should be retained in a paraphyletic group because 

they had not diverged significantly from their ancestor.  When an arbitrary point of 

divergence, stipulated in the original description of the group, was reached, then a 

descendant group would be broken off.  Simpson (1953) argued that all groups 



 

49 

formed adaptive wholes.  He said that "the characters that distinguish higher 

categories are adaptive and they are the same sorts of characters...as adaptive 

characters involved in speciation" (Simpson, 1953: 347).  Higher taxa originated by 

the occupation of a new adaptive zone by the ancestral species of the group.  This 

seems to have been an attempt to explain higher taxa in terms of adaptation, 

common in the synthesis, and is a distinct departure from the purely morphological 

arguments of Matthew and Gregory.  Simpson noted that adaptive zones may be 

entered in parallel by closely related species.  Thus, a higher group, distinguished 

by adaptive characters, may be polyphyletic to a limited degree.  By admitting that 

a group could be polyphyletic, although not to the extent advocated by Huxley, 

Simpson again departed from the philosophy of Matthew and Gregory.  Simpson 

had no qualms about changing the scope of a group, either.  In 1945, he removed 

the Miacidae from Creodonta and restricted the term to the remaining "inadaptive" 

groups.  He also resurrected Schlosser's Proviverridae in a restricted sense. 

The view of the relation of classification to phylogeny that Simpson brought 

into the synthesis was a complex one.  It was a combination of several divergent 

views on the question that each had advocates in the late 19th century.  It combined 

the purely genealogical clades of Kovalevskii, the continuous grades of Huxley, and 

the character-based classes of Cope.  In that it partially separated classification 

from the underlying mechanism producing natural order, it differed in philosophy 

from all pre-Darwinian methods of classification.  This separation, which I argue 

was the "Darwinian Revolution" in systematics, is best illustrated using a box 

model. 

A Box Model of Classification 

There have been many systems hypothesized as the cause of order in nature.  

I have discussed the essences of scholastic logic, believed to have come from either 
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some sort of "eternal truth" or from the mind of the creator, the functional 

requirements of Cuvier, the development from an archetype of Owen, and 

evolution.  All of these processes or principles produce a hierarchical arrangement 

of organisms, either by the differentiation of an essence, the subordination of 

function by its intrinsic importance to the life of an organism, the progressive 

divergence from an archetype, or the splitting of lineages in evolution. 

The one common feature of pre-evolutionary zoological classifications, 

particularly those of mammals, was that they faithfully mirrored the hierarchy of 

the process or system producing the order they represented.  The hierarchy of the 

system was the hierarchy of the classification (Figure 9A).  In all of these 

classifications, the system in question caused the differentiation of smaller groups 

within larger, more inclusive groups.  Thus, these classifications can be represented 

as perfectly nested sets of boxes.  Furthermore, these boxes had closed tops.  Time 

did not change groups (a partial exception is Owen's archetype system).  Once the 

process in question differentiated a group, its members remained in that group 

permanently.  These classifications are truly systems as defined by de Queiroz 

(1988). 

Evolutionary classifications are more heterogeneous and fall into three basic 

types.  The first, and the closest to the pre-evolutionary classifications, is depicted 

as a set of perfectly nested, but open-topped boxes (Figure 9B).  This is like the 

classifications of Darwin and Kovalevskii, and is like current cladistic 

classifications.  The classification is perfectly hierarchical and faithfully mirrors the 

process producing it (evolution).  Once a lineage is included in a  group, it never 

leaves.  The difference between this type of classification and the one in 9A, is that 

evolution may modify later members of groups so that they are no longer like the 
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earlier members.  This is the reason for the open box tops.  These classifications are 

also systems sensu de Queiroz. 

The third kind of classification is the grade classification of Huxley (Figure 

9C).  In this method, the scheme of classification is completely divorced from the 

hierarchical process producing natural order.  The boxes representing groups are not 

nested, but stacked.  There is no differentiation represented, only change with time.  

Lineages enter a group at a certain time and leave it later so each box has a top.  

This scheme represents the true "revolution" in classification following the 

acceptance of evolution.  Groups of this type are classes in that they are recognized 

solely on the basis of their morphological similarity without regard to the process 

underlying natural order. 

The fourth classification is a synthesis of the preceding two and is found in 

the classifications of Matthew, Gregory, Simpson, and the evolutionary synthesis 

(Figure 9D).  In this model, the boxes are imperfectly nested.  Some boxes have 

tops, and others do not.  It mirrors the general pattern of evolution, but many of the 

details are obscured.  The classification is only partially separated from the process 

producing natural order.  In the sense that all groups are constrained by the criterion 

of common ancestry, they are systems sensu de Queiroz, but in a special sense 

because they do not perfectly mirror the system producing them. 

The differences in these models of classification are only apparent when the 

entire context, both theoretical and historical, of their proposal is considered.  When 

classifications are written as a series of ranked groups, they all look alike--whether 

they are cladistic or scholastic.  Only by examining the historical context in which 

the authors of classifications were working is it possible to understand the theories 

that those authors were operating under.  It is only by understanding their theories 

of natural order, that their classifications of that order can be interpreted. 
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The Content of Simpson's 1945 Classification 

De Queiroz (1988) argued that "existing taxonomies and the principles 

underlying them have remained largely unaltered" since the general acceptance of 

evolution after the publication of Darwin's Origin.  By reviewing pre- and post-

evolutionary classifications of mammals in their historical and theoretical context I 

have shown that mammalian classification was not a pre-evolutionary holdover in 

its philosophy or its methodology.  On top of that, I now argue that the individual 

taxonomic groups in classification were not, on the whole, pre-evolutionary 

holdovers, either. 

Simpson's 1945 classification of mammals represents the base on which all 

subsequent mammalian classifications, at least those associated with the synthesis, 

have been based.  It was pre-cladistic and, therefore, not influenced by the "cladistic 

revolution" and its associated taxonomic changes.  Simpson recognized 799 supra-

generic taxa.  (Since genera and species are subject to strict rules of priority that 

stipulate the retention of a name regardless of changes in its meaning or scope, I do 

not include them in this analysis.)  Of those, only 185 (or 23.2%) were described 

before the publication of the Origin in 1859.  A more conservative estimate would 

be to consider only those groups described after 1869.  This allows a full decade 

after the publication of the Origin for the concept of evolution to catch on.  Of 

Simpson's groups, an additional 54 were described between 1859 and 1869, 

bringing the total to 244 (or 30.5%).  Somewhere between four-fifths and two-thirds 

of all mammalian higher taxonomic groups are demonstrably post-evolutionary!  

Part of this figure is an artifact of post-1859 discoveries of new species, both fossil 

and recent.  However, it should be noted that most of the groups in Owen's, 

Cuvier's, and Linnaeus' classifications are not currently used.  Some have survived, 

such as Cetacea, Carnivora (equivalent to Ferae), or Mammalia itself.  Others, such 
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as Primates, have survived, but have a very different scope and meaning.  Most, 

though, such as Pachydermata, Gyrencephala, etc., have been abandoned 

completely.   

The same pattern holds for other groups of vertebrates, as well.  There are 

no comprehensive classifications like Simpson's that list the dates and authorship of 

taxa for other vertebrate groups, so quantification is more difficult.  Many of the 

influential classifications of non-mammalian vertebrates have been produced by 

authors who were products of the same tradition that I have outlined for mammals.  

W.K. Gregory produced phylogenies and classifications of fish as well as mammals 

(Gregory 1910, 1933).  A.S. Romer, a student of Gregory, was highly influential in 

the field of reptilian and general vertebrate phylogeny and classification (Romer, 

1966).  C.L. Camp, another student of Gregory, produced an important 

classification of the lizards (Camp, 1923).  These authors and others also adopted 

Simpson's view of phylogeny and classification that became part of the 

evolutionary synthesis.  To be sure, some groups like Reptilia, were pre-

evolutionary holdovers, but the bulk of synthesis classifications were post-

evolutionary in philosophy, methodology, and content. 

The taxonomic histories of groups other than vertebrates do not necessarily 

follow the pattern I have advocated here.  Stevens (1984) has shown that in botany, 

classification after Darwin remained largely the same as its pre-Darwinian 

precursors.  Existing classifications were simply given an evolutionary explanation.  

David Lindberg (personal communication) has suggested that molluscan taxonomy 

also had a different history.  I suspect, due to lack of obvious interactions, that 

insect taxonomy and the taxonomy of invertebrates in general also may have had a 

different historical pattern of development.  However, I do think that Simpson's 

conception of "macroevolution" and taxonomy were adopted by workers in all 
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taxonomic groups after the evolutionary synthesis and, for this reason, my 

conclusions extend beyond mammalian classification. 

Conclusion 

Hull (1965) argued that Aristotelian, scholastic definition acted as a damper 

on science as a whole, including taxonomy.  He quoted Popper, saying that "every 

discipline as long as it used the Aristotelian method of definition has remained 

arrested in a state of empty verbiage and barren scholasticism, and that the degree 

to which the various sciences have been able to make any progress depended on the 

degree to which they have been able to get rid of this essentialist method" (Hull, 

1965: 314).  Hull was primarily discussing problems with essentialism in the 

definition and conception of species, but in several places he extended his 

conclusions to taxonomy in general.  He stated that "in Aristotle's view three things 

can be known about any entity--its essence, its definition, and its name.  The name 

names the essence.  The definition gives a complete and exhaustive description of 

the essence" (Hull, 1965: 318).  Hull argued that the acceptance of Darwinism had 

rid biology of the necessity of determining the essence or Form of biological taxa, 

especially species.  Hull was making these points in reference to the biological 

species concept, in which species are considered to consist of many variable 

interbreeding individuals upon whom selection can act.  The comments Hull made 

were quite appropriate in that context, but his I believe his extension to evolution 

and taxonomy in general were inappropriate. 

Biological taxonomy began as the recognition and definition of groups by 

genus and differentiae.  It was this form of scholastic definition that gave Linnaeus' 

classification its hierarchical structure.  It was this very hierarchical structure in 

zoological classification that guided the search for a mechanism to produce it.  

Hierarchical classification prompted Cuvier to accept the subordination of 
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characters according to primacy in function and hierarchical classification and the 

search for Form prompted Owen's reconstruction of the vertebrate archetype.  

Stevens (1984) demonstrated that botanical taxonomy suffered from a concept of 

relationships that was net-like, resulting from evolution by hybridization.  When 

evolution was accepted, this net-like set of relationships had to be reinterpreted as a 

hierarchy resulting from descent and divergence.  Zoology, on the other hand, 

retained the concept of hierarchical relationships throughout the pre-Darwinian 

period. 

Even though the scholastic, hierarchical classification emphasized stasis and 

difference rather than continuity in natural order, zoologists had another model for 

dynamic change--embryonic development.  Many authors (e.g. Bowler 1975, 

1983b; Richards, 1992) have described the transition of the concept of species 

evolution from one of individual embryonic development.  Richards (1992) 

discussed the influence of the idea of ontogeny on Darwin's own concept of 

evolution.  The embryonic model by itself, though, suggested a single phylogenetic 

escalator characteristic of the evolutionary model of Lamarck (e.g. Gould, 1977).  

Recapitulationist and progressive evolutionary scenarios were constructed around 

this model.  It was a hierarchical view of natural order, in combination with 

embryonic development from simple to complex, that suggested the concept of 

development with divergence to Von Baer and descent with modification and 

divergence to Darwin.  Darwin said that it was the necessity of explaining the 

hierarchical nature of classification that led him to develop his theory of divergence 

(Darwin, 1958; Winsor, 1976).   

It is supremely ironic that the very model of hierarchical structure that was 

so seminal to the concept of evolution and that was so appropriate for a 

classification of evolving and diverging organisms was largely abandoned after the 
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acceptance of evolution.  The separation of classification from the process 

producing natural order on the very eve of the acceptance of evolution as that 

process was the "revolution" in classification.  I have suggested that a grade method 

of classification was adopted as a reaction against pre-evolutionary classifications 

and their authors and as a way to make evolution seem more dynamic and real.  By 

the creation of grades, lineages evolved from taxon to taxon--the lineage 

demonstrated evolutionary continuity and the classification demonstrated change.  

Even the fuzzy nature and intergradations of the grades themselves prompted an 

evolutionary interpretation in the reader.  As polyphyly became more popular as an 

interpretation and phylogeny reconstruction fell into disrepute, Osborn and his 

students tried to rescue it by developing a more rigorous method for recognizing 

convergence and homology and constrained taxonomic groups with the criterion of 

common ancestry.  This methodology remained largely unchanged in Simpson's 

contribution to the synthesis--only the explanations for groups changed. 

In this context, the "cladistic revolution" in taxonomy described by de 

Queiroz might more appropriately be viewed as a counter-revolution.  A cladistic, 

ancestor-defined taxonomy is, in many respects, more like pre-Darwinian 

classifications than post-Darwinian ones.  The concept of essence or Form is 

replaced by the concept of an ancestor.  Members of a cladistic group share 

similarities, not because they are variations on an essence, but because they inherit 

them from a common ancestor.  Unlike scholastic groups, cladistic groups may 

loose their "essential" or ancestral features.  Thus Rowe and Gauthier's (1992) 

statement quoted in the introduction might more appropriately be phrased--Current 

debate over the name Mammalia highlights the fact that many paleontologists 

continue to operate in a system influenced in fundamental ways by a post-

Darwinian world view.  Contrary to Hull and Popper, scholastic-style hierarchical 
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classifications with groups defined by a typological form are highly appropriate for 

evolutionary biology. 

I agree with Hull (1988) that, in many ways, science is a process more like 

evolution than revolution.  The history of post-Darwinian taxonomy was one of 

variation in styles of classification with subsequent selection, modification, and 

synthesis.  There was never a complete break between current and pre-Darwinian 

classifications, but there is very little continuity.  The synthesis view of Simpson 

was the product of more than sixty years of experimentation in portraying evolution 

in classification after 1859.  It is equally the product of historical precedent, 

advances in scientific method, individual influence, and chance.  The current 

cladistic "revolution" has been grinding on for more than thirty years at this point 

and has had a similar history (Hull, 1988). 

In parting, I want to add that the concepts of system and class are very 

slippery.  A group that is erected as a system by one author becomes a class in the 

hands of subsequent workers who refer new taxa to that group.  Take for example, a 

paleontologist studying fauna X from time Y.  She is primarily interested in 

biostratigraphic correlation and age determination of rock units and is only using 

mammal fossils as time markers.  She, in the course of her work, discovers and 

names a new species and chooses to classify it following Rowe's work on 

mammals.  Rowe's groups, defined on the basis of ancestry and arranged according 

to evolutionary branching qualify as a system.  However, when the paleontologist 

refers her new species to one of Rowe's groups on the basis of the diagnosis he 

provided, she is not arranging her new species according to a natural system, but is 

assigning it to a group based on characters that it shares with other members of a 

group.  Rowe's groups are classes from this point of view.  In the same way, all of 
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the classification based on natural systems discussed in this paper become classes in 

the hands of subsequent users. 
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Figure 1.1: Linnaeus' 1758 Classification.  A. Linnaeus' arrangements of the 
orders of mammals.  B. Genera included in Linnaeus' orders of mammals.  
Both reproduced from the British Museum's 1956 photo-reproduction of the 
10th edition of Systema Naturae. 
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Figure 1.2: Cuvier's Classification of Mammals.  Reproduced from Cuvier, 1890. 
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Figure 1.3: Owen's Classification of Mammals.  Reproduced from Owen, 1859. 
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Figure 1.4: Kovalevskii's Phylogeny and Classification of Ungulates.  
Reproduced from Kovalevskii, 1873-4. 
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Figure 1.5: Huxley's Classification of Mammals.  Characters on the left diagnose 
the various groups.  "X" represents expected future discoveries of fossil taxa 
and "O" represents known taxa.  Reproduced from Huxley, 1880. 
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Figure 1.6: Cope's Phylogeny of Mammals. Reproduced from Cope, 1883. 
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Figure 1.7: The Changing Structure of Cope's Mammal Classification.  A.  
Cope's views on mammalian molar evolution, the relationship of Creodonts 
to other mammals, and the genera included in the Creodonta in 1874 and 
1877.  The ancestral mammalian molar consisted of four cusps.  It was 
modified by addition of a cusp to the lower molars.  Creodonts were a very 
derived, small group.  B.  Cope's views on molar evolution, relationship of 
Creodonta, and families included in Creodonta in 1883.  The ancestral 
mammalian molar was tribosphenic and the creodonts were the ancestral 
group of placental mammals.  Creodonta consisted of several families of 
mammals with tribosphenic molars. 
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Figure 1.8: Matthew's Phylogenies and Classifications of Creodonts.  A.  
Phylogeny of Hyaenodontidae, Oxyclaenidae, and Oxyaenidae with the 
limits of the groups circled.  Proviverridae is represented by a dashed line 
because it is polyphyletic and, therefore, to be rejected.  Reproduced from 
Matthew, 1901.  B.  Relationship of the Creodonta to the Carnivora with 
family limits marked by circles.  Reproduced from Matthew, 1909. 
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Figure 1.9: Four ways of delimiting taxonomic groups in relationship to a 
system producing a hierarchical pattern in nature.  A. Classifications of 
pre-evolutionists.  The system (tree below the boxes) produces a 
hierarchical arrangement of organisms that is faithfully mirrored by the 
groups of the classification (boxes).  Groups are systems in this 
arrangement.  There is no time component, represented by right-angles in 
the tree.  Groups are unchanging over time, represented by closed box-tops.  
B.  Classifications of Kovalevskii, Darwin, and cladists.  Groups faithfully 
mirror the system producing natural order (evolution), but time is involved 
in the unfolding of the system.  Divergence over time is represented by the 
diagonal lines of the tree.  The groups in this type of classification are also 
systems.  New members are continually added to groups through evolution, 
represented by open box-tops.  C.  Classification scheme of Huxley with 
grades.  Groups do not reflect the pattern of nature produced by evolution.  
Instead they represent only change over time and are stacked boxes.  
Lineages evolve into and out of a group as morphology changes with time.  
These groups are classes since they reflect the similarity of their members, 
but not the system producing the similarity.  D.  Classification scheme of 
Matthew, Gregory, and Simpson.  This represents the "traditional" 
classification of the evolutionary synthesis.  Group membership requires 
common ancestry, but lineages can evolve out of groups as their 
morphology changes.  Some groups are paraphyletic (stacked boxes), while 
others are clades.  These groups are systems, since they are produced by 
evolution, but with some aspects of classes since lineages may be removed 
from groups if they accumulate some arbitrary morphological differences 
from the ancestral group. 
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Introduction 

The basicranium is one of the most important portions of the anatomy, after the 

dentition, for phylogeny reconstruction in mammals.  This is because much of it, 

especially the petrosal, is made of very compact bone, readily preserved in fossil 

specimens, and because it is a complex structure in which variation can be discerned 

among the deepest branches of mammalian phylogeny.  Turner (1848) and Flower (1869) 

were among the first to emphasize the importance of the basicranium in mammalian 

systematics.  Since then many authors have drawn phylogenetic conclusions based on this 

region of mammalian anatomy.  The basicranial region has been described in detail for a 

variety of fossil (e.g. Klaauw, 1931; MacIntyre, 1972; Archibald, 1977; Novacek, 1986; 

Cifelli, 1982; Wible, 1990) and recent mammals (e.g. Bugge, 1974; Hunt, 1974; 

MacPhee, 1981; Wible, 1983, 1986, 1989; Wyss, 1987).  Studies have included 

osteological description with soft anatomy reconstruction as well as detailed 

examinations of the ontogenetic development of the hard and soft anatomy of the region.  

Novacek (1993) recently provided an excellent review of the knowledge, literature, and 

uncertainties concerning the mammalian skull. 

In spite of the number of studies on mammalian basicranial anatomy there are still 

many unanswered questions.  These include uncertainties about the ancestral internal 

carotid pattern (Presley, 1979; Wible 1983, 1986, 1987), venous and arterial 

developmental patterns (MacPhee, 1981; Wible, 1990), general ontogenetic studies 

(MacPhee 1977, 1979; Presley, 1993) and general systematic structural diversity and 

functional significance (Novacek and Wyss, 1986).  This paper is a contribution to 

knowledge in the last category.  Several hyaenodontid (Creodonta, Mammalia) ear 

regions have been individually described in the literature (e.g. Matthew 1906, 1909; 
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Klaauw, 1931; Piveteau, 1935; Mellett, 1977; Lange-Badré, 1979; Gustafson, 1986; and 

Gingerich 1989), but there has been no systematic analysis of this structure with the aim 

of elucidating phylogenetic relationships of hyaenodontids.  There are at least fourteen 

hyaenodontid genera from four subfamilies (Proviverrinae, Limnocyoninae, 

Hyaenodontinae, and Pterodontinae) that are represented by petrosal structures (Table 1).  

Some of these have been described in previous literature and some have not.  In this 

paper I will describe in detail the ear regions of Hyaenodon exiguus and Tritemnodon 

agilis.  These will then be used as base points to compare other hyaenodontid and 

eutherian basicrania for potential phylogenetic information. 

The complexity of the mammalian basicranium can be daunting.  It is made up of 

many centers of ossification and is perforated by a number of nerves and a bewildering 

diversity of veins and arteries.  The latter in particular are the structures that have the 

most potential to preserve phylogenetic information for relationships within Eutheria, but 

they are also very developmentally complex and variable.  Luckily, recent research has 

contributed significantly to our knowledge of their variability in modern mammals.  

Unfortunately, this same research has opened up a Pandora's box of doubts about 

previously held assumptions of basicranial evolution.  We are no longer confident about 

the ancestral eutherian condition of many basicranial features, including the primitive 

number of branches of the internal carotid artery and the presence of an arteria diploetica 

magna.  There is also an increased recognition of the potential for convergent evolution 

in the pattern of vasculature and associated foramina and grooves that comes from the 

study of the ontogeny of the basicranium.  We also know that the lack of grooves for 

arteries and veins, such as those on the petrosal promontory, does not necessarily imply 

that those vessels were not present.  It only implies that they did not leave a record of 
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their passage in the bone.  These combine to make interpretation of fossil material of 

adult individuals difficult and full of pitfalls.  This should be kept in mind when assessing 

the following descriptions and interpretations.   

I have done my best to take into account all of the published information based on 

studies of living mammals and to reconcile the preserved bony structures in 

hyaenodontids with this literature to the greatest possible extent.  There are some things 

that simply cannot be determined from fossil material and others that I may have 

misinterpreted.   

Abbreviations 

AMNH=American Museum of Natural History.  New York, N.Y. 

LPVPH=Laboratoire de Paléontologie des Vertébrés et Paléontologie humaine, 

Université Pierre et Marie Curie. Paris, France. 

NMB=Naturhistorische Museum.  Basel, Switzerland. 

MNHN=Muséum National d'Histoire Naturelle.  Paris, France. 

TMM=Texas Memorial Museum, University of Texas.  Austin, TX. 

UCMP=University of California, Museum of Paleontology.  Berkeley, CA. 

UM=University of Michigan, Museum of Paleontology.  Ann Arbor, MI. 

USNM=United States National Museum of Natural History.  Washington, D.C. 

YPM=Yale Peabody Museum, Yale University.  New Haven, CT. 

Material and Methods 

To describe the basicranial and petrosal structure of the hyaenodontid species 

Hyaenodon exiguus and Tritemnodon agilis I have compared to the basicrania and 

petrosal structures of other creodont genera that have been described in the literature or 
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that I personally examined.  Every attempt has been made to correlated the osteology of 

these specimens with soft tissue anatomy and development that are known from recent 

forms and described in the literature cited in the Introduction.  Hyaenodontids have no 

extant members and there are many uncertainties in interpreting soft tissue anatomy from 

fossil material.  I have tried not to be too speculative in my interpretation in order to 

avoid propagating myths about hyaenodontid basicranial anatomy.  Selected features of 

the basicranial anatomy were scored into a data matrix and analyzed using PAUP to 

produce a cladogram based on basicranial features.  This procedure is described in more 

detail below.I have used descriptive terminology that generally follows Kielan-

Jaworowska et al. (1986), MacPhee (1981), and MacIntyre (1972). 

Development and General Morphology of the Basicranium 

Cranial development begins with the formation of the chondrocranium, 

splanchnocranium, and dermatocranium.  These form around the developing nervous and 

vascular systems of the head.  The chondrocranium forms ventrally and laterally around 

the brain.  It is made up of paired parachordal rods that form on either side of the 

notochord.  They grow and fuse to form the basal plate beneath the brain, often 

containing a basicranial fenestra that conducts arteries into the head.  The paired 

trabeculae anterior to the basal plate grow on either side of the pituitary gland.  They fuse 

rostrally to form the ethmoid plate between the nasal sacs.  The nasal capsules develop 

around the nasal sacs and eventually fuse with the ethmoid plate.  At the caudal end of 

the developing skull a series of occipital arches form over the back of the brain and spinal 

cord.  The foramen magnum is the hole through the last arch.   

Cranial nerves II-VII all exit the braincase through a common opening that is 

partially divided by the pila praeoptica and pila metoptica.  Cranial nerve II exits between 
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the two pilae and III-VI exit posterior to the pila metoptica.  Nerve VII exits through the 

otic capsule.  The primary braincase wall is formed by the occipital arches and lilae 

preaoptica and metoptica.  A secondary braincase wall forms laterally to this by an 

enlargment of the ascending lamina of the ala temporalis.  The two walls have an space 

between them called the cavum epiptericum, which contains the trigeminal ganglion. 

As the skull continues to develop it begins to ossify.  In the braincase area, the 

alisphenoid, ethmoid, orbitosphenoid, petrosal, basioccipital, exoccipital, supraoccipital, 

basisphenoid, and presphenoid are ossifications of portions of the chondrocranium.  

There is some controversy over the homology of the alisphenoid (see Novacek, 1993 for 

a quick review of this question).  The lacrimal, frontal, parietal, maxilla, palatine, 

pterygoid, jugal, squamosal, vomer, and ectotympanic are all dermal ossifications.  These 

bones ossify around nerves, arteries, and veins entering and exiting the cranium.  It is the 

patterns of ossification and entrance and exit of the nerves and vessels that are usually 

used in making phylogenetic inferences on the relationships of higher groupings of 

mammals.  These will be described for Hyaenodon and Tritemnodon. 

The Basicranium of Hyaenodon 

The basicranial region and petrosal structure of Hyaenodon have been described 

in part by several authors (Klaauw, 1931; Pivetaeu, 1935; Mellett, 1977; Lange-Badré, 

1979).  Lange-Badré (1979) gave a particularly detailed description of the cranial veins of 

Hyaenodon and an excellent reconstruction of their course.  An exquisite specimen of 

Hyaenodon exiguus, MNHN Qu 8593-8594 from the Phosphorites du Quercy, 

significantly adds to the knowledge of Hyaenodon basicranial anatomy.  The specimen 

was originally described and figured by Piveteau (1935).  Recent changes in the 

understanding of eutherian basicranial anatomy (Wible 1983, 1986, 1987, 1989, 1990) 
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and some new observations on variation of cranial characters within hyaenodontids allow 

me to supplement the description of these authors.   

The specimen consists of the posterior part of a braincase which has been 

sagittally sectioned to reveal the interior of the cranial cavity.  The left half of the 

specimen (Figure 5.1, A and B) has an intact auditory bulla, but the bulla has been 

removed from the right side to completely expose the petrosal promontorium (Figure 5.1, 

C and D).  The cerebellar sides of both the left and right petrosals are preserved (Figure 

5.1, E and F). 

Alisphenoid and Basisphenoid--The alisphenoid and basisphenoid are fused into 

a single sphenoid complex and will be treated together.  The alisphenoid contributes to 

the ventral part of the lateral wall of the braincase anterior to the petrosal and the 

basisphenoid forms the floor.  Inside the cranium, the tentorium cerebelli, separating the 

cerebral hemispheres from the cerebellum, is formed by the basisphenoid, alisphenoid, 

squamosal, and parietal.  The tentorium meets the floor of the braincase anterior to the 

foramen ovale, considerably anterior to its position in Carnivora.  In Canis, the tentorium 

meets the floor of the braincase posterior to the foramen ovale and is formed by a crest of 

the petrosal which is inclined posterodorsally at the rear of the cranial cavity.  In 

Hyaenodon, the tentorium is located anterior to the petrosal and there is no petrosal crest.  

It is more vertical and more anteriorly placed in Hyaenodon than in Canis, concomitant 

with the smaller, more anteriorly placed cerebral hemispheres in Hyaenodon. 

The alisphenoid portion of the bone is pierced posteriorly by the foramen ovale, 

which transmitted the mandibular branch of the trigeminal nerve (V).  The carotid 

foramen (median lacerate foramen of authors) is located at the posterolateral border of 

the basisphenoid portion of the bone and is bounded by the basisphenoid and the petrosal.  
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A broad, shallow groove leads anteromedially from the cranial opening of the foramen 

ovale and another extends posterolaterally to the lateral part of the carotid foramen.  

These two grooves and the foramen ovale are separated posteromedially by a low ridge 

from a third groove, which runs anteromedially from the carotid foramen and carried the 

internal carotid artery to the Circle of Willis.  There is no groove that would indicate the 

presence for a middle menengial artery lateral to the foramen ovale. 

Extracranially, on the ventral side of the skull, there is a channel running 

anteromedially from the tympanic cavity to the pterygoid process for the Eustachian tube 

and the m. levator veli palatini.  Just lateral to this channel and medial to the postglenoid 

process is the Glasserian fissure.  The anterior portions of the sphenoid complex that 

form of the back of the orbit are not preserved in this specimen. 

Squamosal--The squamosal is lateral to the basisphenoid.  The glenoid fossa is 

bounded posteroventrally by a large postglenoid process, but there is no preglenoid 

process.  The jugal makes no contribution to the glenoid fossa in Hyaenodon, nor in any 

other hyaenodontid that I have observed.  The postglenoid foramen is large and serves as 

the opening to a canal that continues dorsally inside the lateral wall of the braincase.  The 

canal widens into a cavity for the petrosquamosal sinus (postglenoid or capsuloparietal 

emissary vein of authors), opening into the cranial cavity by way of the capsuloparietal 

foramen (transverse canal of Miller, 1964) anterodorsal to the petrosal (Figure 5.1, E and 

F).  The canal also continues dorsally into the parietal portion of the lateral braincase wall 

conducting the transverse sinus.  The petrosquamosal sinus drained into the external 

jugular by way of the postglenoid foramen.   

Internally, the squamosal has a roughly triangular exposure on the lateral wall of 

the cranial cavity dorsal to the petrosal, posterior to the parietal, and anterior to the 
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occipital.  Externally, the posterior border of the squamosal, along with the supraoccipital 

portion of the occipital, forms the nuchal crest connecting the mastoid process with the 

sagittal crest. 

Parietal--The parietals form a vault in the cranial cavity over the cerebellum.  

They contribute to the sagittal crest and contain the canal that transmitted the transverse 

sinus during life.  This canal forms an arch embedded in bone over the cranial cavity 

(Figure 5.1, E and F). 

Occipital--The occipital is formed by the fusion of the supraoccipital, the 

exoccipitals, and the basioccipital.  These elements were fused so that the contacts 

between them were indistinguishable.  The basioccipital portion of the bone forms the 

floor of the posterior end of the braincase, and the exoccipital and supraoccipital portions 

form the posterior wall.  On the ventral surface of the basioccipital portion, the bone is 

bounded anteriorly by the basisphenoid and anterolaterally by the petrosals.  The lateral 

part of the basioccipital and perhaps the anterior part of the exoccipital portions 

contribute to the paroccipital process, which closely adjoins the mastoid process 

anteriorly.   

The posterior lacerate foramen (jugular foramen of authors) runs dorsally between 

the anterolateral margin of the basioccipital and the posterior surface of the auditory bulla 

(Figure 5.1, A and B).  The posterior lacerate foramen conducted the inferior petrosal 

sinus (=medial vein) and the glossopharyngeal (IX), vagus (X), and accessory (XI) nerves 

out of the cranial cavity.  A condyloid canal runs anteroposteriorly with its anterior 

opening in the posterior wall of the posterior lacerate foramen just ventral to the cranial 

opening and its posterior opening in the lateral wall of the foramen magnum.  The 

hypoglossal foramen opens on the ventral surface of the basioccipital portion of the 
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occipital between the auditory bulla and the occipital condyle just posterior of the 

posterior lacerate foramen.  Three smaller openings are located within the foramen, the 

posteromedial and anteromedial conducted the hypoglossal nerve (XII) and the lateral 

contained an anastomosis between the condyloid and internal jugular veins.  Two grooves 

exit the pit of the hypoglossal foramen.  The more lateral of the two descends ventrally to 

the margin of the posterior lacerate foramen and probably conducted an anastomosis with 

the internal jugular vein.  The other groove passes just medial to the posterior lacerate 

foramen and continues anteriorly along the medial margin of the auditory bulla.  This 

groove conducted the inferior petrosal sinus (=medial vein) to its cranial entrance at the 

midpoint of the medial margin of the bulla.  The foramen located there is not the carotid 

foramen as suggested by Mellett (1977) and Lange-Badré (1979), but a patent 

basicapsular fenestra such as is found in Tupaia, soricomorph insectivores, and 

megachiropterans (Wible, 1983; MacPhee, 1981; McDowell, 1958).   

Petrosal--The petrosal (periotic of authors) contains the cochlea and semi-circular 

canals and transmits several nerves.  It contributes to the lateral wall of the cerebellar 

portion of the cranial cavity and, extracranially, to the posterior surface of the mastoid 

region and it serves as the roof of the middle ear.  On the posterior face of the skull, the 

petrosal contacts the occipital anterolateral to the paroccipital process.  The petrosal 

contacts the squamosal posteriorly just below the nuchal crest.  On the basicranial 

surface, the petrosal contacts the squamosal just posterior to the postglenoid foramen and 

the basioccipital just posterior to its border with the basisphenoid.  In the cranial cavity 

the petrosal also contacts the basioccipital and it forms a broad contact in the lateral wall 

with the parietal. 
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The cerebellar surface of the petrosal has several features.  The internal auditory 

meatus is divided into an anterodorsal opening for the facial (VII) and vestibular branch 

of cranial nerve VIII and a posteroventral opening for the cochlear branch of VIII nerve.  

The subarcuate fossa is situated immediately dorsal to the internal auditory meatus and 

contained the paraflocculus of the cerebellum.  The subarcuate fossa is relatively shallow 

and remarkable in that it is not circular (Figure 5.1, E and F).  Instead, the antero dorsal 

side is open so that the fossa has a horseshoe shape rather than a cup shape.  Anterior to 

the subarcuate fossa is an opening into the transverse sinus between the petrosal and the 

parietal.  The superior petrosal sinus passed through this opening to connect with the 

temporal sinus, which traveled ventrally to become the external jugular.  The superior 

petrosal sinus traveled in a groove on the dorsal border of the canalicular eminence and 

curved ventrally again along its posterior border and exited the cranial cavity through the 

posterior lacerate foramen.  Just before its exit it was joined by a vein entering the cranial 

cavity through the mastoid foramen from the occiput.  This foramen opens into a canal 

running between the mastoid portion of the petrosal and the occipital.  Its exterior 

opening is visible on the occipital face of the skull.  On the ventral side of the cochlear 

eminence of the cerebellar face of the petrosal there is an anteroposteriorly oriented 

groove traveling parallel to the midline of the skull (Figure 5.1, E and F).  This conducted 

the inferior petrosal sinus (=medial vein) forward from its cranial entrance at the salient 

basicapsular fenestra to the cavernous sinus.   

The tympanic side of the petrosal is characterized by an extremely inflated 

petrosal promontorium, which is angled anteromedially and posterolaterally.  A bony 

crest along the ventral border of the promontorium fuses with the entotympanic to form 

the hypotympanic chamber of the auditory bulla.  This chamber was large, extending 



 

177 

posteriorly and medially around the promontorium and communicating with the 

epitympanic chamber by way of the foramen stylomastoid primitivum dorsal to the 

tympanohyal.  In this communicating passage a mastoid sinus opens laterally just 

posterior to the tympanohyal.  A thin lamina of the petrosal formed the roof of the 

hypotympanic chamber.  The fenestra cochleae (fenestra rotundum of authors) was large 

and faced directly posteriorly.  There is no caudal tympanic process of the petrosal 

shielding the posterodorsal aspect of the fenestra cochleae as in the Bug Creek eutherian 

described by MacIntyre (1972).  A large stapedius fossa lies just anterior to the lateral 

opening to the mastoid sinus dorsal to the tympanohyal. 

On the anterolateral side of the petrosal prominence a groove for the promontory 

branch of the internal carotid artery begins just anterior to the contact between the 

tympanohyal and the rostral tympanic petrosal process and runs anteromedially across the 

face of the promontorium to the carotid foramen.  Just posterior to the rostral tympanic 

petrosal process is a dorsoventral groove for the stapedial artery that runs dorsally to the 

fenestra vestibuli (fenestra ovale of authors).  In the roof of tympanic cavity anterolateral 

to the promontorium is the hiatus fallopii for the exit of the greater petrosal branch of 

cranial nerve VII.  Just posterolateral to the hiatus fallopii (facial foramen of authors) in 

the dorsal roof of the tympanic cavity is the facial sulcus which conducted the facial 

branch of VII posteriorly.  It ends anteriorly at the secondary facial foramen (apertura 

externa canalis facilis petrosi of MacIntyre, 1972) and posteriorly at the foramen 

stylomastoid primitivum.   Lateral to the facial sulcus and hiatus fallopii are two smaller 

foramina in the roof of the tympanic cavity of uncertain function.  The epitympanic 

recess is relatively small and located posterior to the hiatus fallopii and just ventrolateral 

to the facial sulcus. 
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The mastoid portion of the petrosal is hollowed by a mastoid sinus that 

communicates with the middle ear just posterior to the foramen stylomastoid primitivum.  

The foramen stylomastoid definitivum perforates the ventral side of the petrosal between 

the auditory bulla and the mastoid process. 

Auditory bulla--The auditory bulla of Hyaenodon is composed of two chambers-

-a hypotympanic chamber enclosed by the petrosal and entotympanic and an epitympanic 

chamber enclosed by the petrosal, squamosal, ectotympanic, and tympanic membrane 

(Mellett, 1977).  The dorsomedial edge of the petrosal in the cranial cavity flattens to a 

thin lamina over the hypotympanic chamber of the bulla.  This lamina is apparently 

continuous with the entotympanic which curves ventrally to floor the hypotympanic 

chamber.  The entotympanic curves dorsally again to fuse with the petrosal along the 

crest of the petrosal prominence.  There is a foramen left between the petrosal and 

entotympanic just medial to the contact between the tympanohyal and the petrosal.  This 

foramen conducted the stapedial branch of the internal carotid into the hypotympanic 

sinus where it immediately ascended posterior to the tympanohyal and curved anteriorly 

through the stapes lateral to the foramen rotundum.   

Discussion--Wible (1983, 1986, 1987, 1989, 1990) has definitively demonstrated 

that the primitive eutherian internal carotid artery consisted of only two branches rather 

than three as proposed by Matthew (1909).  Previous authors (Mellett, 1977; Lange-

Badré, 1979) have described the basicranial arterial pattern using a three-branch model of 

the internal carotid following Matthew rather than a two-branch model.  These authors 

interpreted the groove in the basioccipital medial to the auditory bulla as a groove for a 

median branch of the internal carotid and the two grooves across the promontorium and 
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across the foramen vestibuli respectively as grooves for the promontory and stapedial 

branches.   

MNHN Qu 8593-8594 is best interpreted as having had only the promontory and 

stapedial branches of the internal carotid.  The medial groove in the basioccipital ends at 

a foramen considered to be a posterior carotid foramen by Mellett (1977) and Lange-

Badré (1979).  Carnivorans have a posterior carotid foramen in a similar position. It 

opens into a carotid canal conducting a medially placed branch of the internal carotid 

anteriorly through a bony canal to the carotid (median lacerate) foramen through which 

the artery entered the cranial cavity.  In carnivorans, the carotid remains on the ventral 

side of the petrosal outside the cranial cavity until it passes through the carotid (median 

lacerate) foramen.  In Hyaenodon, the foramen on the medial side of the bulla does not 

open into a bony tube, but opens directly into the cranial cavity.  The vessel passing 

through the foramen continued anteriorly in the groove on the ventral portion of the 

cerebellar face of the petrosal towards the carotid (median lacerate) foramen.   

No mammals have been described as having an internal carotid branch that 

entered the cranial cavity posterior to the carotid (median lacerate foramen).  Several 

mammals, however, have a medial vein (=inferior petrosal sinus) in this position that 

connects the extracranial portion of the internal jugular vein with the intracranial 

cavernous sinus.  Wible (1983) described three paths for this vein.  In the first the vein 

travels in a groove in the basioccipital that is completely extracranial from the posterior 

lacerate to the carotid foramen where it enters the cranium.  The second the vein enters 

the cranial cavity through the patent basicapsular fenestra and runs anteriorly in a groove 

on the cerebellar side of the petrosal as the inferior petrosal sinus (=medial vein).  In the 

third the vein is completely intracranial from the external jugular to the cavernous sinus.  
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In Hyaenodon, the groove in the basioccipital from the hypoglossal foramen to the 

opening on the medial side of the bulla that continues on the cerebellar side of the 

petrosal is consistent with the second path described by Wible.  Wible (1983) mentioned 

three groups of living eutherians that have a vein following this path--soricomorph 

lipotyphlans, megachiropterans, and Tupaia.  Wible did not determine which of the three 

paths was the primitive condition for Eutheria. 

The Basicranium of Tritemnodon 

Tritemnodon agilis is described from specimen USNM 361351, a complete but 

somewhat crushed skull.  The general morphology of the basicranium and braincase are 

preserved, but the sutures between many of the bones are obscured by cracks resulting 

from the crushing of the braincase.   

Alisphenoid and Basisphenoid Region--The area between the orbits and the ear 

region is longer in Tritemnodon than in Hyaenodon.  The foramen ovale is located 

between the pterygoids and the glenoid fossa.  There is a long groove for the eustachian 

tube and m. levator veli palatini.  Lateral to this is the Glasserian fissure.  There is a 

carotid foramen at the posterolateral border of the basisphenoid just anterior to the 

petrosal prominence.   

Squamosal--The glenoid process and fossa are relatively narrow compared to 

Hyaenodon.  On the posterior border of the process there are two small post-glenoid 

foramina.  One is located on the posterior face of the post-glenoid process and the other is 

located a little more posteriorly on the ventral surface of the skull behind the post-glenoid 

process.  A double post-glenoid foramen is not an uncommon feature among mammals.   

Occipital--The occipital region of the skull is somewhat crushed and distorted.  

There may have been a mastoid foramen between the occipital and mastoid portion of the 
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petrosal that would have carried a vein entering the cranial cavity to connect with the 

superior petrosal sinus.  It is not possible to tell for certain whether this opening exists in 

USNM 361351.  The nuchal crest extends from the occipital crest to the mastoid process 

as in Hyaenodon.  However, ridges running in a v-shaped pattern from the foramen 

magnum to the nuchal crest are reminiscent of the shape of the occiput in Pterodon, 

Apterodon, and Hemipsalodon (see Polly, in prep.; Chapter 4).  It is possible that this 

represents an intermediate morphology between the two forms of nuchal crest.   

Petrosal--In Tritemnodon agilis, USNM 361351, the ventral or tympanic side of 

the petrosal is preserved (Fig. 2).  The petrosal prominence is almond shaped, but is 

flatter than that of Hyaenodon.  There is no sharp ridge across the ventral surface of the 

promontorium, like that found in Hyaenodon.  A rounded ridge extends from a point just 

posterior to the carotid foramen across the ventral surface of the promontorium and 

curving laterally toward the tympanohyal.  This may be a long rostral tympanic process, 

indicating the medial border of the fibrous membrane where it contacted the petrosal 

(MacPhee 1981, fig. 2), or it may have served as the resting place of a horizontally 

positioned ectotympanic ring as in Leptictis dakotensis (Novacek, 1986).  A very large 

caudal tympanic process is present posterolateral to the fenestra cochleae, which is in the 

position of the lateral section of the caudal tympanic process described by MacPhee 

(1981, fig.2).  This is continuous posteriorly with a ridge that runs lateral to the posterior 

lacerate foramen.  There is a groove anterior to the caudal tympanic process and the 

tympanohyal. 

There is no large hypotympanic sinus.  A groove across the surface of the 

promontorium from the anterior end, extends posteriorly about halfway across the 

promontorium.  This conducted the promontory branch of the internal carotid artery from 
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a point just medial to the tympanohyal to the carotid foramen.  Medially, there is a groove 

between the petrosal and the basisphenoid and basioccipitals that has been described as 

the groove for a medial branch of the internal carotid (Wortman, 1901; Matthew, 1909).  

This probably did not conduct the internal carotid, but instead it is likely that a medial 

vein (=inferior petrosal sinus) ran through this groove.  Apparently the medial vein 

followed an extracranial course from the carotid foramen posteriorly to its junction with 

the jugular vein just ventral to the opening of the posterior lacerate foramen.   

The tympanohyal forms a simple arch between the posterior part of the 

promontorium and the mastoid region forming the foramen stylomastoid primitivum.  It 

originates on the promontorium posteroventral to the foramen vestibuli and ventrolateral 

to the foramen cochleae.  It is not as developed as in Hyaenodon and lacks a secondary 

stylomastoid foramen.  The area posterior to the foramen stylomastoid primitivum is not 

dorsally excavated and is separated from the posterior lacerate foramen by a ridge that is 

continuous posteriorly from the caudal typmpanic process.  There is no indication of a 

cavity into the mastoid from this region as in Hyaenodon.   

The roof of the tympanic cavity on the anterolateral side of the petrosal 

prominence is partially collapsed between the hiatus fallopii and the facial sulcus.  

Presumably a canal above this area transmitted the facial nerve posteriorly to the facial 

sulcus.  The latter begins just lateral to the anterior border of the foramen vestibuli and 

continues posteriorly through the foramen stylomastoid primitivum. 

Discussion--There are many unexpected similarities between the basicranial 

structure of Tritemnodon and those of Cynohyaenodon and Quercytherium (the latter two 

are described and figured by Lange-Badré, 1979).  Particularly notable is the broad, flat 

surface of the petrosal prominence and the wide groove across its surface.  All three also 
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have a relatively loose connection between the petrosal and the basioccipital with no sign 

of the heavy anteromedial fusion between the two seen in Hyaenodon.  All three have a 

large caudal tympanic process of the petrosal just posterior to the foramen rotundum and 

have a deep, posteriorly placed pit that was probably the origin of the stapedius muscle.  

They also all have a relatively large opening for the posterior lacerate foramen, but none 

show any sign of a hypotympanic sinus or ossified bulla.  As many of these features seem 

to be derived within hyaenodontids, they may be evidence of a close relationship among 

Tritemnodon, Cynohyaenodon, and Quercytherium, a proposal that has not been 

suggested before to my knowledge (see analysis below). 

Morphological Variation in Hyaenodontid Ear Regions 

I have divided the ear regions of hyaenodontids into four main types, which are 

characterized primarily by the degree of pneumatization of the hypotympanic sinus, the 

form of the subarcuate fossa, and the degree of connection between the cochlear region of 

the petrosal and the basioccipital and basisphenoid region of the skull.  Each type is a 

mosaic of primitive and derived features.  While this division may tend to obfuscate the 

phylogenetic distribution of individual features, I think it helps clarify what is known 

about the diversity of hyaenodontid ear regions.  It also helps highlight what is well 

known from what is little known.  Because each type is made up of a suite of potentially 

primitive and derived characters, the lines demarking the types are fuzzy.  Because of 

gaps in our knowledge of hyaenodontid ear regions these four types stand out.  I 

anticipate that new discoveries and studies will eventually make these divisions obsolete.  

I want to start by characterizing the four main types and then compare them to the ear 

regions of more poorly known taxa.   
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Type 1:  The first is, overall, the most primitive type of hyaenodontid ear region 

that is currently known.  It is typified by Prolimnocyon eerius, UM 87353 figured by 

Gingerich (1989) from the early Eocene of North America, and is also found in 

Thinocyon medius and T. velox.  This type has very little pnematization, particularly in 

the area posterior to the petrosal promontorium.  Hyaenodontids, like most high-level 

eutherian groups, primitively had little pneumatization of the ear region.  The foramen 

stylomastoid primitivum is at least partially bridged by the tympanohyal and opens 

posteroventrally against a ridge of bone that runs from the fenestra rotundum towards the 

mastoid region of the skull.  This is probably the primitive condition for hyaenodontids.  

The petrosal prominence is somewhat inflated, but not to the degree found in types 3 and 

4.  Compared to these types, the prominence is relatively flat and broad, more like in type 

2, and there are two shallow grooves crossing its length.  The cerebellar side of the 

petrosal is similar to type 4 in that the subarcuate fossa is not circular, but horseshoe 

shaped.  The opening of the "horseshoe" is on the anterior side, as in type 4.  This feature 

is quite unusual and is undoubtedly derived within hyaenodontids.  UM 87353 is broken 

medially to the petrosal and it is impossible to say for sure to what degree the petrosal 

was connected to either the basioccipital or basisphenoid.   

Type 2:  This type is characterized by Tritemnodon agilis as described above.  

Cynohyaenodon and Quercytherium, from Europe, also have similar ear regions.  The 

foramen stylomastoid primitivum is completely bridged by the tympanohyal.  The 

petrosal prominence is inflated, but relatively flat on the ventral surface.  Especially in 

Cynohyaenodon and Quercytherium, there are two broad, deep grooves on the ventral 

surface of the promontorium, one of them presumably for a promontorial branch of the 

internal carotid artery.  There is more pneumatization in the otic region posterior to the 
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petrosal than in type 1 and it is this that primarily distinguishes the two types.  The area 

posteromedial to the petrosal prominence is deeply excavated around a very large 

posterior lacerate foramen.  This area is bounded laterally by a ridge of bone connecting 

the posterior of the petrosal prominence with the mastoid/basioccipital area of the 

basicranium.  Lateral to this ridge and posterior to the foramen stylomastoid primitivum 

is a hollow that may be a small hypotympanic sinus.  It is larger than that found in type 1 

ear regions, but much smaller than that found in types 3 or 4.  A pit in the roof of this 

area may have housed the origin of the stapedius muscle.  If so, then the origin of the 

stapedius would have been remarkably posteriorly placed in these animals.  There is a 

groove around the ventromedial side of the petrosal and it is not clear how much fusion 

there was between this bone and the basioccipital or the basisphenoid.  There is no 

indication that the petrosal was solidly fused to the basioccipital as it is in type 4.  The 

condition of the subarcuate fossa is unknown for this type because this area is not 

exposed in any specimens that I am aware of. 

Type 3:  This type is characterized by Pterodon dasyuroides and is known from 

the type specimen MNHN Qu8301.  The ear region of Pterodon was carefully described 

by Lange-Badré (1979).  Both Hemipsalodon viejaensis and Apterodon macrognathus 

have similar ear regions.  Petrosals of this type are fairly distinctive because they are 

somewhat reduced in size relative to the rest of the cranium and are rather globular in 

appearance, especially on the cranial side.  The petrosal prominence is inflated to a 

greater degree than in types 1 or 2 and the hypotympanic sinus is large and extends 

around the medial side of the prominence.  The prominence is well separated from the 

basioccipital and basisphenoid.  If there was any connection at all with the latter two, it 

was so thin that it is not preserved in any fossil specimens.  The prominence itself is 
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somewhat globular and it is difficult to tell whether there were any grooves for a 

promontory branch of the internal carotid.  There does seem to be a groove on the 

anterolateral side of the petrosal prominence in Pterodon dasyuroides, Qu 8301, but this 

specimen was crudely prepared and it is sometimes difficult to distinguish preparation 

marks from true surface features. The foramen stylomastoid primitivum is completely 

arched by the tympanohyal.  The posterior opening, however, does not really 

communicated with the hypotympanic sinus as it does in type 4.  Instead it opens 

ventrolaterally and is separated from the hypotympanic sinus by a low ridge of bone that 

connects the mastoid region with the posterior of the petrosal prominence just dorsally to 

the foramen rotundum.  The pars canicularis is small relative to the pars cochlearis 

compared to other hyaenodontids.  The subarcuate fossa, while shallow, is cup shaped 

rather than horseshoe shaped.  This is presumably the primitive shape for hyaenodontids. 

Type 4:  The last type is that found in Hyaenodon, as described above.  This type 

has an extremely large hypotympanic sinus that is floored by a bulla of entotympanic 

origin.  The sinus extends laterally into the mastoid through an opening just posterior to 

the foramen stylomastoid primitivum.  The latter communicates directly into the 

hypotympanic sinus and does not open ventrolaterally as in type 3.  The roof of the 

hypotympanic may be formed by a posterior lamina of the petrosal which fuses with the 

entotympanic approximately along the plane of the basioccipital.  The stylomastoid 

primitivum is floored by a broad shelf of bone that contains a foramen stylomastoid 

secundarium.  The petrosal prominence is inflated and the entotympanic that floors the 

hypotympanic sinus fuses to the petrosal along a crest of the prominence.  There is a 

distinct groove for a petrosal branch of the internal carotid artery across the petrosal 

prominence and a groove passing dorsally over the fenestra ovale that would have 
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transmitted the stapedial branch.  The petrosal is strongly fused to the basioccipital at its 

anterolateral edge.  The subarcuate fossa is large and horseshoe shaped as in type 1.   

Comparisons:  There are a number of taxa with poorly or incompletely preserved 

ear regions that do not permit their assignment to one of the above types.  They will be 

individually compared.  The first is Leonhardtina gracilis from the early Eocene 

Geiseltal deposits of Germany.  Specimen 10038 (I-768) in the Geiseltalmuseum of 

Halle, Germany is a skull with an intact petrosal.  Unfortunately the skull is quite crushed 

and any evidence about the structure of the hypotympanic sinus or the degree of fusion 

between the petrosal and basioccipital has been destroyed.  It has a relatively flat petrosal 

prominence with a wide groove similar to type 2.  The subarcuate fossa is horseshoe 

shaped like in type 1 and 4.  The cerebellar side of type 2 petrosals is not known, and this 

specimen may indicate that they also have the horseshoe shaped subarcuate fossa.  This is 

purely speculative, however. 

The type specimen of "Pterodon" hyaenoides, AMNH 20307, from the Eocene of 

Mongolia has a partially preserved ear region.  Unfortunately, most of the petrosal 

prominence has been broken off and the cerebellar side is not visible.  There is, however, 

a groove for the promontory branch of the internal carotid across the anterolateral side of 

the petrosal prominence.  This specimen has a wide bony ridge flooring the foramen 

stylomastoid primitivum and what is apparently a foramen stylomastoid secundarium 

puncturing it as in type 4.  This species also has a relatively large hypotympanic cavity 

and there is some evidence that it extends into the mastoid region as in type 4.  The 

hypoglossal foramen is anteriorly placed and opens in the same fossa as the posterior 

lacerate foramen.  This skull, like that of Tritemnodon agilis, has two post-glenoid 

foramina.  One is located slightly ventral to the base of the skull on the posterior side of 
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the post-glenoid process.  It opens laterally, but the interior of the canal is not prepared 

enough to determine whether it continues laterally or curves dorsally.  The other opening 

is just posterior to the base of the post-glenoid process and opens dorsally.  The double 

opening is similar to that found in Tritemnodon agilis, but the openings are larger.   

The type specimen of Eurotherium theriodis, NMB Em12 from the Eocene 

Egerkingen fauna of Switzerland, is a skull with an intact ear region.  It has an inflated 

petrosal prominence with an indistinct ridge along its ventral surface reminiscent of the 

ridge made by the contact between the petrosal and entotympanic bulla in Hyaenodon.  

There is no other evidence of a bulla in this specimen, however.  The petrosal seems to be 

tightly fused medially to the basioccipital as in type 4.  The hypotympanic sinus is small 

as in types 1 and 2 and there is a strong ridge of bone separating the posterior lacerate 

foramen from the posterior opening of the foramen stylomastoid primitivum.  The 

tympanohyal is broken and it is impossible to tell if the foramen stylomastoid primitivum 

was completely arched over.  The cerebellar side of the petrosal is not visible in this 

specimen. 

The type specimen of Sinopa grangeri, NMNH 5341, contains and an intact ear 

region.  It was figured and described by Matthew (1906), but unfortunately neither his 

figures of the ear region nor his description are very detailed.  The specimen is mounted 

and on display at the NMNH in such a way that it is impossible to study the basicranial 

area.  From Matthew's publication it is possible to say that the petrosal was fused 

medially to the basioccipital in a fashion similar to type 4.  The hypotympanic sinus was 

relatively small and the anatomy of this region generally resembles that of Eurotherium 

theriodis.  There seems to be a ridge of bone from the posterior of the petrosal 
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prominence to the mastoid region as in types 1 and 2.  The skull of this specimen is intact 

and the cerebellar side of the petrosal is not visible.   

Phylogenetic Analysis of Hyaenodontid Basicranial Characters 

Table 2 is a list of basicranial characters and their primitive and derived states.  

They were chosen because they showed variation within the Hyaenodontidae and are, 

thus, potentially phylogenetically informative.  Primitive verses derived states were 

determined through outgroup comparison and using summaries of the putative ancestral 

basicranial condition, especially that of MacPhee (1981).  The characters were scored for 

all hyaenodontid taxa with preserved basicrania to create a data matrix suitable for 

PAUP.  A hypothetical ancestral taxon made up of the primitive states for all characters 

was added to root the tree.  The data were then manipulated by PAUP to find the tree 

with the smallest number of steps necessary to explain the relationships between the taxa 

being considered.  Characters 8 and 9 were treated as unordered because their states do 

not necessarily form a succession.  The resulting tree is summarized in Figure 5.3.  This 

tree is 18 steps long, yielding a consistency index of 0.83 and a retention index of 0.89.  

Character state changes that diagnose each node are given in the caption to Figure 3. 

Before I discuss this tree, I would first like to offer a word of caution.  The data 

that has gone into this tree is not complete and only represents ear region characters, 

which are only preserved in a small number of hyaenodontid taxa.  Many of the 

characters are also qualitative observations on the relative development of certain 

features.  For both reasons, the results should not be interpreted as definitively supporting 

the phylogenetic relationships depicted in Figure 5.3.  The only conclusion is that these 

are the relationships suggested by the ear region data by themselves.  Considerations of 

dental or postcranial data may change these interpretations.  There is still much that is 
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unknown about hyaenodontid phylogeny and there is still much that is unknown about 

hyaenodontid ear regions.  This represents a first attempt to synthesize and interpret the 

phylogenetic implications of this data set for hyaenodontids. 

The topology of the tree based on ear region characters (Figure 3) shows a great 

degree of congruence with the tree based on dental, cranial, and post-cranial characters 

presented in Chapter 4.  Particularly, Hyaenodon and "Pterodon" hyaenoides do not 

appear to be closely related to Pterodon, Apterodon, and Hemipsalodon.  All of these 

were previously grouped together in the subfamily Hyaenodontinae because of their 

shared loss of the metaconid on the lower molars.  In Chapter 4 I advocated that this loss 

had occurred at least twice within the Hyaenodontidae and that Pterodon, Apterodon, and 

Hemipsalodon should be removed from the Hyaenodontinae and placed in a separate 

group, the Pterodontinae.  This decision is also supported by the ear region data, not 

necessarily surprising as part of this data was included in the analysis in Chapter 4.  

However, the topology of the tree in Chapter 4 was supported primarily by postcranial 

data rather than basicranial data.  It is comforting, therefore, that both data sets seem to 

be suggesting similar sets of relationships. 

Perhaps the most remarkable feature of the tree topology is the grouping of 

Tritemnodon, Quercytherium, and Cynohyaenodon as unresolved outgroups of the 

Pterodontinae (Node 6).  It is remarkable both that the former three group closely and that 

they together group with the pterodontines both are remarkable.  The three genera are 

probably not the closest relatives of the pterodontines.  There are many other likely 

candidates for close relationship with the latter group (see Chapter 4), but they do not 

have preserved ear regions for inclusion in this analysis.  Node 5 is apparently supported 

by several derived characters.  Closer inspection, however, shows that characters 7, state 
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1 is lost in the pterodontinae and that they have state 3 of character 9 as opposed to state 

1, which diagnoses node 5.  The former state is not necessarily derived from the latter and 

many not indicate relationship.  This leaves only state 1 of characters 1, 2, and 3 as 

evidence that Tritemnodon, Cynohyaenodon, and Quercytherium are closely related to the 

Pterodontinae.  Characters 2 and 3 are scored on relative size and position and are thus 

more subjective than might otherwise be.  Only character 1, the position of the 

hypoglossal foramen, and 12, lack of fusion between the petrosal and the basioccipital, 

seem to be clearly shared by the Pterodontinae and the other three genera.  For this 

reason, node 5 should be considered with some suspicion. 

The grouping of the Pterodontinae and their separation from the Hyaenodontinae 

(node 4) is well supported by this data set.  They are united by complete separation of the 

petrosal prominence from the basioccipital and a globular petrosal structure.  The 

Hyaenodontinae are united together and with their close relatives by the "horseshoe" 

shaped subarcuate fossa and the mastoid expansion of the hypotympanic cavity. 

Conclusions 

The diversity of hyaenodontid basicrania is greater than has previously been 

recognized in the literature.  Hyaenodontids, especially Hyaenodon, have sometimes been 

considered in discussions of the distribution of basicranial character states, but 

assessments of primitive verses derived states have never been made before.  Flynn et al. 

(1988) used four cranial characters to unite the Carnivora with Creodonta.  They cite an 

osseous tentorium, a processus hyoideus (tympanohyal) that contacts the promontorium, 

an ossified entotympanic bulla, and a transpromontorial position of the internal carotid 

artery.  Hyaenodon is used as evidence of the presence of all of these within Creodonta.  

It is true that Hyaenodon does possess all of these features, but consideration of their 
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morphology and distribution casts doubt on their utility as synapomorphies of the 

Creodonta and Carnivora.  The osseous tentorium in Hyaenodon is different in structure 

and position than that found in Carnivora, although it could be considered homologous as 

a bony division between the cerebellar and cerebral lobes of the brain.  The entotympanic 

bulla is both different in structure than that found in Carnivora and it is not a primitive 

feature of hyaenodontids.  Rather, it seems to be a case of convergent evolution.  The 

primitive state of the tympanohyal arch in Hyaenodontidae is not resolvable with this 

data.  Furthermore, it is likely that the distribution of the transpromontorial position of the 

internal carotid has a wider distribution that Carnivora and Creodonta and may even be 

the primitive condition for mammalia. 

I hope that this paper will be a starting point for integrating data on Creodont 

basicrania into larger analyses of high-level eutherian relationships.  Such a project is too 

large to do here.  Instead I have tried to highlight the variation that is known in 

hyaenodontids and make some attempt to determine the primitive and derived states for 

these characters.  It appears that the ancestral hyaenodontid would have had a rounded 

promontorium that was fused to the basioccipital.  It would have had very little 

pneumatization in the ear region and probably did not have an ossified bulla.  It probably 

did have a transpromontorial branch of the internal carotid, as well as a stapedial branch.  

It may have had a foramen stylomastoid primitivum that was arched by the tympanohyal.   
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Table 5.1.  Hyaenodontid species with preserved basicranial regions. 

The following specimens containing intact petrosals were considered in this 

study.  Those specimens that have been previously described or illustrated are followed 

by the pertinent bibliographic references.  Limnocyon verus and Thereutherium 

thylacodes were not included in this study, but specimens containing intact basicrania and 

references to them are included here for completeness.  

Apterodon sp., YPM 30035, Jebel Qatrani Fm., Fayum Depression, Egypt.  Early 

Oligocene. 

Apterodon sp., YPM 33221, (Maybe Qasr al-Sagha) ?Jebel Qatrani Fm., Fayum 

Depression, Egypt.  ?Early Oligocene. 

Cynohyaenodon cayluxi, MNHN Qu8562, Phosphorites du Quercy, France.  (Lange-

Badré, 1979). 

Eurotherium theriodis, NMB Em 12, Egerkingen, Switzerland.   

Hemipsalodon viejaensis, TMM 40263-1, Chambers Fm., Texas.  Chadronian, Late 

Eocene.  (Gustafson, 1986). 

Hyaenodon exiguus, MNHN Qu8593-Qu8594, Phosphorites du Quercy, France.  

(Piveteau, 1935). 

Hyaenodon brachyrhynchus, LPVPH, Phosphorites du Quercy, France.  Late Eocene-

Early Oligocene.  Lange-Badré, 1979. 

Leonhardtina gracilis, Geiseltal I-78b(10038), Geiseltal unter Mittelkohle, Middle 

Eocene, Germany. 

Limnocyon verus, AMNH 12155, Bridger Fm., Wyoming.  Brigerian, middle Eocene.  

(Matthew, 1909). 
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Prolimnocyon eerius, UMMP 87353, Willwood Fm., Wyoming.  Wasatchian, Early 

Eocene.  (Gingerich, 1989). 

Pterodon dasyuroides, MNHN Qu8301, Phosphorites du Quercy, France.  (Lange-Badré, 

1979). 

"Pterodon" hyaenoides, AMNH 20307, Shara Marun Fm., Ula Usa, Mongolia.  Eocene.  

(Matthew, 1925). 

Quercytherium sp., MNHN Qu8649, Phosphorites du Quercy, France 

Quercytherium simplicidens, MNHN Qu 8642, Phosphorites du Quercy, France.  Late 

Eocene-Early Oligocene.  Lange-Badré, 1979. 

Sinopa grangeri, USNM 5341, Bridger Basin, Wyoming.  Bridgerian, Eocene.  

(Matthew, 1906). 

Thereutherium thylacodes, MNHN Qu 8587, Phosphorites du Quercy, France.  Late 

Eocene-Early Oligocene.  Piveteau, 1935; Lange-Badré, 1979. 

Thinocyon medius, AMNH 12154, Bridger Basin, Wyoming.  Bridgerian, Eocene.  

Matthew, 1909. 

Thinocyon velox, AMNH 13081, Bridger Basin, Wyoming.  Bridgerian, Eocene.  

Matthew, 1909. 

Tritemnodon agilis, USNM 361351, Bridger Basin, Wyoming.  Bridgerian, Eocene. 



 

202 

Table 5.2:  List of Basicranial Characters used in the phylogenetic analysis 

1.  Occipital condyles with hypoglossal foramen within their curve (0) or separated from 

them with hypoglossal foramen positioned anteriorly  (1). 

2.  Fenestra rotundum slightly larger than fenestra ovale (0) or very large in comparison 

(1). 

3.  Fenestra rotundum facing posteriorly (0) or slightly laterally (1). 

4.  Bridge of foramen stylomastoid primitivum absent or slender (0), robust (1), or 

completely roofed with secondary stylomastoid foramen (2). 

5.  Mastoid sinus lateral to foramen stylomastoid primitivum absent (0) or present (1). 

6.  Ridge of bone dividing posterior petrosal sinus from foramen stylomastoid primitivum 

present (0) or reduced to absent (1). 

7.  Ridge of bone dividing posterior petrosal sinus from foramen stylomastoid primitivum 

angled laterally (0) or medially (1). 

8.  Hypotympanic sinus absent (0), small (1), or greatly inflated (2). 

9.  Promontory of the petrosal low and rounded (0), flattened with a wide groove (1), 

greatly expanded and strongly fused to basioccipital (2), or expanded, globular, 

and distant from basioccipital (3). 

10.  Ridges formed by semicircular canals raised with low relief as in Prolimnocyon (0) 

or with high relief as in Hyaenodon (1). 

11.  Ridges formed by semicircular canals forming a circle (0) or open with a "horseshoe" 

shape (1). 

12.  Petrosal firmly attached to the basioccipital (0), loosly attached (1), or almost 

completely detached (2). 
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Table 3:  Data matrix used in the phylogenetic analysis 
 
Outgroup 00000 00000 00 
Prolimnocyon ?001? 00000 10 
Hyaenodon 00021 1?221 10 
Tritemnodon 11110 0111? ?1 
Cynohyaenodon 11110 0111? ?1 
Quercytherium 11110 0111? ?1 
"Pterodon" hy. 00011 1?22? ?0 
Pterodon 11110 1?230 02 
Apterodon 11110 1?230 02 
Hemipsalodon 11110 1?230 02 
Leonhardtina ?00?? ??111 10 
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Figure 5.1:  A.  Photograph of the ventral side of Qu 8594, left basicranium of 
Hyaenodon exiguus with the with bulla intact.  Scale bar equals one centimeter.   
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Figure 5.1:  B.  Camera lucida drawing of the ventral side of Qu 8594, left basicranium 
of Hyaenodon exiguus with the bulla intact.  eb-ectotympanic bulla.  fsms-foramen 
stylomastoid secundarium.  hf-hypoglossal foramen.  pgf-postglenoid foramen.  pgp-
postglenoid process.  plf-posterior lacerate foramen.  pp-petrosal prominence.  th-
tympanohyal.  Scale bar is two millimeters. 
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Figure 5.1:  C.  Photograph of the ventral side of Qu 8593, right basicranium of 
Hyaenodon exiguus with bulla removed to expose petrosal.  Scale bar equals one 
centimeter. 
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Figure 5.1:  D.  Camera lucida drawing of the ventral side of Qu 8593, right basicranium 
of Hyaenodon exiguus with bulla removed to expose petrosal.  fo-foramen ovale.  fr-
foramen rotundum.  fsms-foramen stylomastoid secundarium.  hf-hypoglossal foramen.  
ms-outline of mastoid sinus.  pgf-postglenoid foramen.  pp-petrosal prominence.  Scale 
bar equals two millimeters. 
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Figure 5.1:  E.  Photograph of cerebellar side of Qu 8594, left side of skull.  Scale bar 
equals one centimeter. 
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Figure 5.1:  F.  Camera lucida drawing of cerebellar side of Qu 8594, left side of skull.  
iam-internal auditory meatus.  saf-subarcuate fossa.  VIII-opening for cranial nerve VIII.  
VII & VIII-opening for cranial nerves VII and VIII.  Scale bar equals two millimeters. 
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Figure 5.2:  A.  Photograph of the left side of the basicranium of USNM 361351, 
Tritemnodon agilis.  Scale bar equals one centimeter. 
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Figure 5.2:  B.  Camera lucida drawing of the basicranium of USNM 361351, 
Tritemnodon agilis.  ctp-caudal tympanic process.  fo-foramen ovale.  fr-foramen 
rotundum.  fsmp-foramen stylomastoid primitivum.  pa-groove for petrosal 
branch of the internal carotid artery.  pgf-postglenoid foramen.  plf-posterior 
lacerate foramen.  pp-petrosal prominence.  th-tympanohyal.  Scale bar equals 
five centimeters. 
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Figure 5.3:  Cladogram based on basicranial characters.  The treelength is 20 out of 17 
minimum transformations.  This yields a consistency index of 0.85 and a retention 
index of 0.91.  The four types of hyaenodontid ear regions have been mapped 
onto the cladogram.  Notice that only types 3 and 4 are possessed by 
monophyletic groups.  Even though this is the case, both types are composed of a 
mish-mash of primitive and derived characters as are types 1 and 2.  Node 1 is 
diagnosed by character 4, state 1.  Node 2 is diagnosed by character 8, state 1.  
Node 3 is diagnosed by characters 10 and 11, state 1.  Node 4 is diagnosed by 
characters 5 and 6, state 1 and characters 8 and 9, state 2.  Node 5 is diagnosed by 
characters 1, 2, 3, 7, 9, and 12 state 1.  Node 6 is diagnosed by character 6, state 1, 
characters 8 and 12, state 2, and character 9, state 3. 
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CHAPTER SIX 

 

 

 

AFTERWORD:  SOME SPECULATIONS ON MAMMALIAN MOLAR EVOLUTION 

IN RELATION TO DEVELOPMENT 

 

They tell me you've begun singing the praises of George Sand again, that out-
of date woman.  How can she be compared with Emerson?  She hasn't a single 

idea about education or physiology or anything.  I'm convinced she's never 
even heard of embryology, and in these days - how can one get on without it? 

Fathers and Sons, I.S. Turgenev, 1861 
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Introduction 

A common event in the evolution of eutherian mammals has been the addition of a 

hypocone, or other posteromedial cusp, and reduction of the protoconid of the ancestral 

tribosphenic molar pattern.  The resulting "quadritubercular"1 pattern is usually low-cusped 

and squarish, with four main cusps arranged in a roughly symmetrical pattern on the tooth 

crown.  Current understanding of mammalian phylogeny (e.g. McKenna, 1975; Szalay, 1977; 

Novacek and Wyss, 1986; Novacek, 1990) allows us to definitively state that the 

quadritubercular pattern has evolved many times.  For example, within the Carnivora 

quadritubercular teeth are found in Mustelidae, Procyonidae, Ursidae, Amphicyonidae, and 

(to a lesser extent) Canidae.  Current knowledge of carnivoran phylogeny (e.g. Flynn et al., 

1988) posits that each of these groups ancestrally had a three cusped, tribosphenic molar 

pattern and that the addition or enlargement of a fourth cusp on the upper molars and 

reduction or loss of the paraconid on the lowers occurred convergently.  The same is true 

throughout Eutheria.  Quadritubercular teeth, in the broadest sense, are found in Carnivora, 

Lipotyphla, Artiodactyla, Perissodactyla, Chiroptera, Primates, Hyracoidea, and Menotyphla.  

They are also found in many groups of marsupials.  Once again, current knowledge of the 

origins and phylogenetic relationships of these groups suggests that all of them ancestrally 

had tribosphenic teeth that were separately modified within each group into quadritubercular 

teeth. 

The pattern of evolution of quadritubercular molar crowns is striking, both in its 

frequency and in its diversity.  Quadritubercular teeth have evolved in a number of different 
                                                
1 These teeth are not really four-cusped because the lower tooth retains five cusps: the 

protoconid, metaconid, entoconid, hypoconulid, and hypoconid.  There are also numerous 
smaller cusps and cuspules that may still be present, but are not normally included in cusp 
counts.  See Hershkovitz (1968) for a detailed treatment of both the morphology and variants 
of quadritubercular teeth. 
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ways (Butler, 1956; Voruz, 1970; Hershkovitz, 1974).  In some groups, a large, 

posteromedially placed metaconule forms the fourth major cusp on the upper molars.  In 

others, a neomorph hypocone is added somewhere along the posterior cingulum of the 

protocone.  There is a variety of opinions in the literature on the significance of these 

differences.  Some have suggested that the positional differences of the fourth cusp are 

significant enough that they should be distinguished conceptually and nomenclatorially.  For 

instance, Gregory (1920) argued that the fourth cusps of notharctid and adapid primates, 

which originate as a "budding" from the protocone, should be termed a "psuedohypocone" to 

distinguish them from a fourth cusp developing on the posterior cingulum of the protocone.  

Butler (1956) argued that the cusps were the same and that the variation in their appearance 

and positional associations only reflect differences in the timing of their appearance during 

ontogeny.  Because of the diversity of patterns I will use the term "quadritubercular" to refer 

to any molar crown that is generally squarish in shape.  Usually I will be talking about a 

molar pattern that has four cusps on the upper molar, but I will occasionally extend the 

concept to teeth, such as horse teeth, that are not really quadritubercular in that they do not 

have true cusps.  Even though there are real qualitative differences in the teeth that I will 

discuss, I think there are some general similarities that conceptually unite them.  I apologize 

to the reader for this gross extension in meaning of the term, but I hope that it will become 

clear why I am doing this later in this paper.  I will also take the liberty of talking about 

quadritubercular teeth mainly in reference to features of the upper molars.  This means that I 

will continually talk about them in terms of the addition of a cusp.  The reader should keep in 

mind that that also means the reduction or loss of a cusp (the paraconid) on the lower molars. 

Very few workers have tried to explain the remarkable frequency with which a 

quadritubercular molar crown pattern has appeared in mammalian evolution.  The majority of 

explanations that have been offered, for this or any other changes in molar crown pattern, 
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have been framed in a strict Darwinian, adaptationist model.  Almost unanimously in the 

literature, changes in molar crown morphology have been explained solely as adaptations 

resulting from selection for specific diets.  Quadritubercular teeth, in particular, are usually 

said to result from selective pressures for an increased surface area, which is associated with 

an enhanced ability to masticate plant material.  I offer the following set of quotations as 

evidence of the widespread appeal to this argument in the mammalian literature.  
 
The Old World monkeys, the Cercopithecidae, offer an unusual opportunity for the 
study of dental mechanics, allometry and dietary adaptation.  There are essentially 
three reasons for this opportunity.  First the molar structure of the group is very 
uniform; although species differ in the size and proportions of molar crushing, 
grinding and shearing mechanisms, the pattern and sequence of contact between 
cusps, crests and basins are identical.  Thus we have in this group a conservative 
structural organization reflecting an ancestral heritage.  Superimposed differences in 
molar structure between members of this group can be unambiguously attributed to 
phenotypic responses to environmental pressure.  (Kay, 1974: 309). 
 
The primary function of the cheek teeth is the preparation of food and it has been 
argued that their form can be related to methods of food preparation.  The extent to 
which the diet varies in both the short and long term will constitute a selection 
pressure either for the mainenance of the existing condition or for change.... This 
finding [that different animals handle food in the same way, regardless of tooth 
form]... emphasizes the importance of aggregate changes in diet as the selection 
pressure for the dietetic adaptations.  For example, if over time the gross proportions 
of the basic elements in the diet show a shift from the predominantly insectivorous to 
the predominantly frugivorous, calculated on an annual basis, then this would tend to 
result in an enhancement of cheek tooth design favourable to the efficient handling of 
fruit. (Kay and Hiiemae, 1974: 255). 
 
Evolutionary changes are the result of selective forces derived from a specific dietary 
regime.  Thus, the recognition of the derived morphological-functional aspect of a 
dentition can be attributed to specific functional changes, and consequently the 
deciphering of "fossil diets" is placed on a more precise basis, basically rooted in the 
recognition of analogous mechanical solutions.  The greatest difficulties will still rest 
in the explanation of the biological roles to which otherwise functionally well-
understood dentitions were adapted.  Understanding the causal factors for 
evolutionary change, the performance of biological roles, however, whether in the 
dentition or other osseous remains, will supply us with the most powerful models to 
test new and imaginative hypotheses (Seligsohn and Szalay, 1974: 303). 
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Let us consider the feeding adaptations in terms of their morphological 
consequences....  In fact a simple inspection of teeth will often tell us a great deal 
about the dietary specializations of a species...  A carnivore tends to have well-
developed canines and premolars with molars adapted for shearing.  As food, animal 
bodies need a minimum of preparation for digestion, in contrast to plants.  The more 
generalized a mammal's diet, the more generalized its tooth structure.   Thus, an 
omnivore is characterized not by specialized shearing teeth, but by teeth that are 
somewhat low crowned and adapted for some degree of crushing.  Feeding on 
arthropods selects for specializations in tooth structure... where the cusps are high for 
piercing but grinding surfaces are minimal.  (Eisenberg, 1981:  258-259). 
 
We believe that the selection forces, responsible for different morphologies from 
species to species, may act primarily to emphasize one or several of a spectrum of 
possible mechanical functions, as well as the directions in which these functions can 
most efficientlly be performed.  Thus, hypocones, for example ussually of 
recognizably different construction, can evolve to perform one of a variety of 
functions (i.e. puncturing, crushing, cutting) with their greatest effectiveness in more 
derived cases limited to specific portions of the masticatory cycle.  Furthermore, the 
mere presence of similar dental morphology in different species does not necessarily 
imply similarity in either mechanical emphasis or biological role.  The pointed 
hypocone of the metatherian Cercartetus, for example, modified and used differently 
from that of a more primitive phalangerid ancestor and that of the small indriid Avahi 
hold neither mechanical function nor biological role for specific diet in common 
(Seligsohn and Szalay, 1974: 303-304). 

 

I want to explore the question of the evolution of quadritubercular molars from 

another viewpoint, one in which selection and adaptation are not the only factors involved in 

molar crown pattern evolution.  Properties of molar crown ontogeny may also play a 

significant role in explaining recurrent trends mammalian molar evolution.  Why are current 

hypotheses about the origin of quadritubercular teeth unsatisfactory?  Necessity is not the 

mother of invention in evolution.  Just because a particular morphology would be 

advantageous to an organism does not in any way imply that it will appear.  The fact that 

quadritubercular teeth have appeared separately so many times in mammalian history 

suggests that there is some underlying evolutionary propensity for them.  The nature of that 
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propensity has not, to my knowledge, been explored before.  I want to offer one possible 

explanation for it.  Because this question has not been addressed in these terms before, there 

is little hard data to support my view.  I propose it, therefore, only as an alternative 

hypothesis that will, hopefully, spur further research, both my own and others.  There are 

probably many other possible explanations of the "quadritubercular phenomenon" in addition 

to the one I present here. 

Sizing up the Situation 

What do we know about patterns in molar crown evolution?  We know that 

quadritubercular molars have evolved many times.  We do not know exactly how many 

times, partly because no one has tried to tabulate them and partly because mammalian 

phylogeny is still only partially understood.  There is enough evidence to say that 

quadritubercular molars have evolved in many different groups that can be confidently labled 

monophyletic, but there are hardly any instances in which we know the exact order of 

morphological changes in the transition from a tribosphenic to a quadritubercular molar.  We 

also are not confident enough about mammalian phylogeny to state for certain how many 

separate times quadritubercular molars have evolved within the groups mentioned above.  

Part of the reason for this is that a lot of mammalian phylogeny is based on molar 

morphology and the evolution of quadritubercular molars effectively erases many of the 

features that might otherwise unite them with their non-quadritubercular outgroups.   

We also know that, for as many times as quadritubercular teeth have evolved in 

mammalian history, there has never been a documented case in which a tribosphenic molar 

pattern has "re-evolved".  This is an additional reason to suspect that something is going on 

other than random chance repeatedly producing quadritubercular teeth.  If only chance were 

involved, it would seem probable that there would be as many "reversions" to a tribosphenic 
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type as there are changes to a quadritubercular type.  The observation that the tribosphenic 

type of molar crown has appeared only once, but that the quadritubercular type has been 

derived from it many times makes the situation even more remarkable. 

Perhaps this means that we have been framing the question in the wrong way.  The 

ancestral eutherians had a tribosphenic molar that was modified to become quadritubercular 

in many of their descendants.  The conclusion from this is that the ancestral form is more 

generalized, or at least simpler, in that it has fewer cusps and that the quadritubercular form 

is more derived and complex in that it has added a cusp.  It seems only natural to ask, "Why 

quadritubercular?"  What would happen if we turned the question on its head and asked, 

"Why tribosphenic?", or better, "Why not tribosphenic?"  If we accept the multiple origins of 

quadritubercular molars as a given, then the next logical question can only be, why has a 

tribosphenic molar never re-evolved?   

This gives the problem a completely different slant.  What I want to postulate is that a 

tribosphenic molar may automatically evolve if certain conditions are met.  The reasoning 

behind this is founded in what we know about molar crown ontogeny and some 

extrapolations from it using using some new findings and theories from developmental 

biology.  The argument that I will make is that molar crowns with symmetrically arranged 

features may be easier to produce developmentally than are those with asymmetrically 

arranged features.  This is because complex systems, such as epigenetic pathways or 

interactions between diffusing morphogens, can often spontaneously produce ordered 

patterns.  Thus, symmetrical morphological patterns are often easier to produce than those 

without because the "spontaneous" part takes care of the basic pattern, but additional 

developmental information may be necessary to modify it.   

To build my arguement I want to first talk about how molar crown patterns develop 

and follow it with some speculations on ways that the pattern might be set up.  This will be 



 

219 

followed by a brief interlude in which I re-evaluate what complexity in molar pattern may 

mean.  Finally, I want to present an example of the loss of a tribosphenic molar pattern that 

may provide a clue as to why there is a tribosphenic molar in the first place and what 

conditions are necessary for its loss. 

Mammalian Molar Crown Morphogenesis 

Molar morphogenesis is poorly understood, but some suggestive clues are available 

(Butler 1956, 1982; Ramadan Sadek, 1962).  Mammalian teeth begin to develop early in 

ontogeny.  Mesenchyme cells migrate from the neural crest to the oral epithelium in the 

maxillary and mandibular regions (Butler, 1982).  Tooth buds form in the dental lamina and 

mesenchyme concentrates around them as papillae.  The boundary between the two becomes 

the enamel organ or epidermal dental cap (Gaunt and Miles, 1967).  This region differentiates 

into an inner and outer enamel epithelium, the former of which differentiates into pre-

ameloblasts, which later form the enamel layer of the tooth.  The papilla produces the pre-

odontoblasts, which form the dentine layer of the tooth.  The crown morphology is molded in 

the inner enamel epithelium.  As the crown is shaped in the enamel epithelium, the enamel 

organ deposits enamel that will form the final tooth surface.  These stages are shown in 

Figure 6.1.   

The shape of the molar is first modeled in the soft inner enamel epithelium of the 

developing tooth during the "cap" stage of embryogenesis.  Until the 1960's there was some 

controversy over whether the crown shape was formed solely by intrinsic growth within the 

inner enamel epithelium or by the growth and shaping of the underlying dental papilla.  The 

latter theory was advocated by many workers in the early part of the 20th century (e.g. 

Hoffman, 1925; Reichenbach, 1928; Lehner and Plenk, 1936).  This view slowly fell into 

disfavor as it was realized that the papilla and the cap both expanded at the same rate during 
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growth, which would not be expected if the papilla were influencing the shape of the enamel 

epithelium (Gaunt, 1963).  Mounting evidence led Butler (1956) to hypothesize that the 

shape of the crown was formed in the inner enamel epithelium by its own intrinsic growth 

pattern.  Several years later, Ramadan Sadek (1962) confirmed this hypothesis by showing 

that the folding of the enamel epithelium was directly correlated to the number of mitoses on 

its surface.  She showed that molar crown morphology was sculpted in the soft tissue of the 

enamel epithelium, not by the upward (or downward) growth of cusps, but by the deepening 

of the "valleys" between them (Ramadan Sadek, 1962).  At the earliest stage of molar 

morphogenesis, the enamel epithelium is fairly flat and mitoses are spread evenly over its 

extent.  Folding begins as mitotic activity ceases in certain areas which correspond to cusp 

tips.  The first cusps to appear are those that are highest in the complete tooth.  Often this is 

the paracone on the upper molars and the protoconid on the lowers (Butler, 1982), but 

sometimes other cusps begin formation first.  For instance, in the marsupial Antechinus 

flavipes, the metacone is the highest cusp on the upper molars and it begins to be formed in 

the inner enamel epithelium before the others (Archer, 1974).  Other cusps are formed around 

the margin of the first cusp (Butler 1956, 1967, 1971; Gaunt 1955, 1959; Ramadan-Sadek, 

1962).  Mitotic activity continues in the areas between the cusp tips so that the enamel 

epithelium literally grows down (or up) between the cusps.  The deeper a "valley" in the 

tooth, the longer mitotic activity must continue to produce it.  Thus, molars with complex 

morphologies and high relief require lengthy, highly regionalized mitotic activity in the inner 

enamel epithelium, whereas molars with low relief and simpler crown morphologies require 

shorter, less regionalized mitotic activity.  Figure 6.2 shows an example of how crown 

morphogenesis occurs.  The process is analogous to draping furniture with a dropcloth--the 

structures with higher relief are visible beneath the cloth earlier than structures with low 

relief during the time the cloth is settling.  The cusp of the paracone on the upper molars and 
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the protoconid on the lowers appears first, followed by the tips of other major cusps.  The 

valleys and cingulae between them appear later. 

At early stages of morphogenetic development, all mammals have inner enamel 

epithelial layers that are very similar.  They are roundish in outline and have little surface 

relief (Figure 6.2).  The first stages of cusp development are fairly similar between 

taxonomic groups.  It is only as the full tooth develops that characteristic morphologies of 

different taxa become apparent.  Molar crown morphogenesis has been studied in detail in 

four disparate taxa:  humans (Homo sapiens), the mouse (Mus musculus), the cat (Felis 

catus), and the bat (Hipposideros beatus).  These belong to four different eutherian orders 

(Primates, Rodentia, Carnivora, and Chiroptera respectively) that last shared a common 

ancestor very early in the history of eutherian evolution (e.g. Novacek 1990).  The 

phylogenetic distributions of these observations suggest that a similar developmental process 

is primitive for eutherian mammals and can be expected in as yet unstudied groups. 

How is the process of folding produced?  Some sort of heritable information is used 

to set up the pattern of mitoses in the inner enamel epithelium that results in the shape of the 

tooth crown .  Molar morphology must be tightly controlled so that the teeth have the proper 

shape for occlusion after they erupt.  Because occluding teeth form separately in the upper 

and lower jaws, they have no chance to directly influence each other's development and 

morphology before they are formed as bones in limb joints do, for instance.  This means that 

the development of both upper and lower teeth must be coordinated so that they will have 

complementary morphologies.  It is as yet unclear how this heritable information is converted 

into the morphogenetic process described above.  More than likely, as it is a common pattern 

in biological developmental processes, there is some combination of morphogens that are 

produced in varying quantities and in varying places in the developing tissue that signal 

developmental changes as they diffuse from cell to cell.  Several cytochemicals are known to 
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have varying distributions in relationship to developing molar structures.  Pourtois (1961) 

showed that alkaline phosphatase is present in relatively large amounts in the developing 

tooth, especially in the stratum intermedium adjacent to the areas where cusp apices form 

(Gaunt and Miles, 1967).  Alkaline phosphatase is not found at all in the inner enamel 

epithelium, however.  RNA is found in high concentrations around the periphery of the 

epidermal bud.  Glycogen is concentrated in the neck of the epidermal bud where it joins the 

dental lamina (Pourtois, 1961; Gaunt and Miles, 1967).  These or other as yet undiscovered 

chemicals may help control the timing and duration of mitotic activity in the inner enamel 

epithelium.  It is not yet understood how this works. 

Methods of Controlling Molar Morphogenesis 

Evidence is strong that crown pattern has strong genetic heritability (e.g. Grünberg, 

1965; Kraus and Jordan, 1965).  The two most obvious methods of setting up tooth crown 

pattern are through direct mapping from DNA sequence to crown pattern (which seems 

unlikely) or through an epigenetic interaction of diffusing morphogens set up according to 

heritable initial parameters.  The former possibility is analogous to bitmapping in computer 

graphics, in which every point on the monitor is given an x,y coordinate and the pixel at that 

point is turned on or off according to the information for that point in the progam.  To 

accomplish this in molar development, every point of the inner enamel epithelium would 

have to have coordinates that uniquely specify its spatial position.  A bit of information is 

attached to each point specified in the coordinate system.  Mitosis would either be turned on 

or off at that point depending on whether it was "cusp" or "not cusp".  In this example the 

same amount of information is needed to generate any possible pattern on the computer 

screen or in the inner enamel epithelium because every point has the same amount of 

information (on or off) associated with it.  The whole pattern is generated from an initial 
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information source that maps the on/off information onto the coordinate system.  The state of 

any particular point does not have any necessary link to the state of adjacent points.  Changes 

in crown pattern would be the result of point mutations in the information source area of the 

DNA which would change the pattern from on to off or vice versa.  The total amount of 

information would be conserved in this case, only the specifics for particular points would 

change.  This model is essentially the same as most popular conceptions of DNA as a long 

string of encoded information that is directly translated into a functioning organism during 

development.  It is entirely possible to set up a coordinate system that uniquely specifies all 

of the positions in a tissue (e.g. Kauffman, 1993).  The simplest example is for a two 

dimensional tissue in which gradients of two diffusing chemicals (X and Y) establish a 

Cartesian coordinate system.  The source of the two chemicals are at different points along 

the margin of the tissue.  Each chemical diffuses across the tissue so that the concentration is 

highest closest to the source and lower away from the source.  Each cell in the tissue would 

have a position uniquely specified by the combination of the concentration of X and the 

concentration of Y.  More complex examples for polar coordinates or three dimensional 

coordinates, as well as critiques of each are given by Kauffman (1993).  Thus, a coordinate 

grid is easily produced in biological tissues.  Under the "bitmapping" model, the DNA would 

have some information that specified "turn mitosis on (or off) when the concentration of X=n 

and the concentration of Y=m".  The effect at point X,Y could thus be independent of the 

effect at any adjacent point.  In this paradigm, all possible molar crown patterns would 

require the same amount of information to produce and none would be more difficult than 

another.  This is because all patterns would require a coordinate grid and a set of instructions 

for each point on the grid.  If this model were the right one, then the argument I am 

presenting has no validity because relies on some molars patterns being developmentally 

more complex than others.   
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However, this model is probably wrong.  Today it is widely recognized that such a 

one-to-one mapping of information in the DNA almost never occurs.  DNA sequences are 

not programs controlling the morphology and development of organisms, but simply 

templates to produce the proteins, RNA, and other chemicals that are used as building blocks 

by the organism.  Niejhout (1990) has simply and elegently explored this point.  He says,  

Genes are passive sources of materials upon which a cell can draw, and are part of an 
evolved mechanism that allows organisms, their tissues and cells to be independent of 
their environment by providing the means of synthesizing, importing, or structuring 
the substances (not just gene products, but all substances) required for metabolism, 
growth and differentiation.  (Niejhout, 1990: 444). 

If this is the case, then a model that does not invoke direct mapping of heritable information 

to morphology is required.  This would be some sort of epigenetic system in which cells 

interact with each other during development and morphogenesis in predictable ways. 

Thus, the second model of molar crown development is that some unknown 

combination of chemical messengers or morphogens that diffuse through the tissue to control 

the differential growth of the inner enamel epithelium and, thus, molar crown pattern.  This is 

a common and well-documented form of developmental control.  Induction, as the process of 

one tissue influencing another through the transmission of chemical messengers is called, 

was well known by the early part of this century.  Spemann, in particular, is noted for his 

experimental work in the induction of the eye lens and added significantly to the field (e.g. 

Nieuwkoop et al., 1985).  Cells, which are genetically identical, respond to their local 

chemical environment.  Differing concentrations of a single morphogen or interactions 

between two or more morphogens might cause a cell to switch from one activity to another.  

The response of cells may vary continuously along a spectrum in response to changes in the 

chemical environment or they may respond only when certain threshold conditions are 

achieved (e.g. Jacobson and Sater, 1988). 
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Let's consider how this process might work to set up a tooth crown pattern in the 

inner enamel epithelium.  Take the example of a simple, conical, single-cusped tooth such as 

is found in most lizards and snakes or in some seals or toothed cetaceans.  Such a tooth could 

be modeled with only two pieces of information.  The first is that all cells in the inner enamel 

epithelium should divide unless told to do otherwise.  The second is that cells in the center 

should start producing a chemical messenger that inhibits mitosis.  This chemical would then 

begin diffusing from that point turning off mitotic activity as it diffused.  This would result in 

a conical tooth as mitosis was progressively shut off as the morphogen approached the edges 

of the inner enamel epithelium.  Evolutionary changes might affect the rate of diffusion of 

the morphogen or its point of origin, thus producing a taller or shorter cusp or varying the 

symmetry of the tooth.  It is easier to affect the shape of the whole tooth in this model than in 

the "bitmap" model where information for all of the positions would have to be changed to 

affect the total morphology of the tooth crown. 

A more complex, multi-cusped tooth needs more parameters to be produced.  

Additional cusps require additional source points for the production of the mitosis-inhibiting 

chemical.  It is easy to produce complex, ordered patterns through diffusion when more than 

one diffusing chemical substance is involved.  This process has been thoroughly reviewed 

and critiqued from a biological point of view by Kauffman (1993) and from a physico-

chemical point of view by Prigogine (1980).  A simple example is when two chemicals are 

involved that have different diffusion rates, the first of which stimulates its own production 

and the second of which inhibits the production of the first.  Such a system can 

spontaneously generate spatial patterns along nodes of interaction between the morphogens 

and is often referred to as a Turing Model (after Alan Turing who formulated the idea to 

explain the formation of ordered patterns in organisms: see Kauffman, 1993).  The more 

complex the interaction in terms of the number of chemicals involved, differences in their 



 

226 

rates of diffusion, and specifics of their interactions, the more complex the pattern that can be 

spontaneously produced.  Variations may be produced by changing the nature of the 

reactions, by local perturbations from external sources, or by stochastic "error" in diffusion 

or interaction based on quantum properties of the chemicals involved.  Nijhout (1991) says, 

Most developmental biologists today, in fact, believe that waves of chemicals that can 
turn genes on or off are an important if not the primary mechanism for generating 
iterated structures during the development of plants and animals.  The dynamic 
properties of wave systems also make it easy to see how the number of iterated 
structures can evolve.  Simply shortening the wavelength can fit more waves into a 
given space, and that produces more iterates; or additional independent waves can 
develop in areas not affected by the first ones. (Nijhout, 1991: 66-67). 

Complexity in Mammalian Molar Crown Patterns 

Symmetrical patterns, no matter how complex, are easier to produce through the 

process of diffusing and interacting chemicals than are asymmetrical ones.  Spacing between 

cusps and other features, as well as the height of those features on the crown surface, can be 

created through the interference pattern created by interacting chemicals.  Patterns created in 

this way tend to have a symmetrical distribution of features spaced according to the 

wavelengths of interaction between the chemicals involved.  In order to produce asymmetry, 

additional parameters must be introduced to interfere with the symmetrical pattern formed by 

the diffusing and interacting morphogens.  This phenomenon has been used to explain the 

universality of various types of symmetry found in biological organisms and led Kauffman 

(1993: 577) to state,  

Analysis of Turing and related models reveals a further issue of central importance to 
our thinking about the relation between self-organization and selection:  Evolution 
may often be constrained to form those patterns which are "easily" generated by any 
developmental mechanism.  Our analysis already shows that, within any such 
developmental mechanism, some patterns are easy while others are hard....  Evolution 
ought typically to exhibit the "typical" patterns easily generated by any 
developmental mechanism. 
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The problem of symmetry verses asymmetry has been approached from a more theoretical 

view by Papentin (1980), Hinegardner (1983), and Kampis and Csányi (1987).  They all 

imply that order and symmetry are probably natural biproducts of developmental interactions 

and that symmetry (in some form) can probably be viewed as a null hypothesis in biological 

organization. 

We currently have no idea what the specific combination of chemical interactions are 

that produce a molar crown pattern in the inner enamel epithelium.  However, that crown 

patterns are produced by diffusing and interacting morphogens seems highly probable given 

the predominance of this process in organismal development.  It follows that a consideration 

of the complexity of crown patterns in terms of the symmetry of their surface features should 

be productive.   

Before following this line, it is appropriate to briefly discuss terminology relating to 

complexity and order.  In a straightforward and lucid way, McShea (1991) has reviewed the 

problem of complexity in evolution and provided a few standardized definitions.  I quote the 

following definitions of complexity, order and organization directly from McShea 

(1991:304-305).   

There is some consensus now that the structural or morphological complexity of a 
system (biological or otherwise) is some function of the number of different parts it 
has and the irregularity of their arrangement (Kampis and Csányi, 1987; Hinegardner 
and Engleberg, 1983; Wicken, 1979, 1987; Saunders and Ho, 1976).  Thus, 
heterogenous, elaborate, or patternless systems are complex.  Order is the opposite of 
complexity (Wicken, 1979).  An ordered system has few different kinds of parts 
arranged in such a way that the pattern is easily specified.  Organization refers to the 
degree of structuring of a system for some function, independent of its complexity 
and order (Wicken, 1979; although see Atlan, 1974).  Complex systems may be 
organized, as an automobile is, or disorganized as a junk heap is (ordinarily). 

Almost all mammals have dentitions that are symmetrical along the midline of the 

skull--the left side of the dentition is usually a mirror image of the right.  A notable exception 
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is the dentitions of cetaceans.  This group is noted for inconsistencies in the bilateral 

symmetry of the head.  The Narwhal, in particular, has pronounced asymmetries in the 

dentition.  Its single tusk is formed on one side of the midline or the other, but not both.  The 

symmetry of individual teeth, however, is more variable.  Some, like the individual teeth of 

cetaceans, are conical and quite symmetrical.  Additional cusps and connecting cingulae 

require more informational complexity to describe.  The quadritubercular teeth of many 

primates have more features than cetacean teeth, but are still quite symmetrical.  Human teeth 

have four low cusps on the upper molars arranged in a square or rectangular pattern on the 

upper molars and four or five cusps arranged similarly on the lowers.  Those with four cusps 

are symmetrical about an antero-posterior axis and an axis perpendicular to that.  Those with 

five cusps are almost symmetrical about an antero-posterior axis.  The overall outline of the 

crown, even in those teeth with five cusps, tends to be quite regular and symmetrical.  

Quadritubercular teeth, while more complex than a unicusped tooth, are less complex than a 

tribosphenic tooth because they are more symmetrical and require less information to 

describe.  In fact, a well developed tribosphenic tooth, such as that of a Creodont with a long 

metastyle on the upper molars, is exceptionally complex.  There is no axis of symmetry and 

there are a large number of cusps, conules, and cristae.   

The relative complexity of four representative mammalian teeth are presented in 

Figure 6.3.  The teeth toward the top of the hill require more complex information to describe 

their topology than do those down the slope.  The simplest, a unicusped seal molar, is found 

at the base of the hill.  The quadrate tooth that is found second from the top of the hill has 

more cusps that the tribosphenic one at the top, but is considered less complex because of the 

symmetry problem.  If you could form the quadrate pattern through the interactions of 

diffusing morphogens then you would need additional information to suppress the 
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development of one of the cusps and enhance the development of the metastylar area to 

produce the tooth at the top of the hill.   

The teeth at the top of the hill in Figure 6.3 can be considered developmentally more 

derived because they require more information to produce in terms of chemicals and 

interactions.  This is the opposite of the phylogenetic pattern of these teeth.  The tooth at the 

top of the hill is phylogenetically primitive for eutherian mammals.  It has three cusps (the 

protocone, metacone, and paracone) and a metastylar blade, albeit a larger one than the 

ancestral eutherian probably had.  The second tooth is more phylogenetically derived than the 

first and would have been formed from an ancestrally tribosphenic tooth by the reduction of 

the metastylar blade, by the addition of a hypocone, and by the movement of the protocone 

anteriorly.  The bottom, unicusped tooth, is very phylogenetically derived within Eutheria; its 

possessor having lost all other cusps and cingulae from the molar crown.   

This observation on the relative developmental complexity of various types of 

mammalian molar patterns has implications for their evolution.  Whatever its exact chemical 

nature, some sort of information is transferred from generation to generation.  This is 

presumably encoded in the DNA or gametes and is expressed through the production of 

chemical morphogens that set up the mitotic pattern in the inner enamel epithelium.  This 

information is replicated at least once per generation, which makes it susceptible to the 

influences of mutational error during replication.  The principles of informational 

thermodynamics say that the more complex information is, the more likely it is to be lost 

with transmission and replication.  The greater the amount of information in the message the 

more probable it is that a mistake will destroy part of the information as it is transmitted 

(Figure 6.4).  The implication is that with increasing complexity, fidelity of transmission 

decreases.  Thus, when no other factors are involved, molar crown morphology should 

become decreasingly complex over time.  This is not to say that complexity cannot increase 
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due to random error, only that complexity is, on average, more likely to decrease than 

increase2.  Tribosphenic molars, being informationally complex, have a greater chance of 

being changed in evolution; thus, in the absence of other factors, molar complexity should 

decrease over time and successive replications.  Therefore, the null hypothesis is that a 

transition through a sequence similar to that in Figure 6.3 should occur throughout 

phylogenetic history unless other factors are exerting some influence. 

Function and its Constraint in Mammalian Molar Evolution 

If this is true, then why is the tribosphenic molar the primitive condition for mammals 

and why was it retained for so long in so many lineages?  I think the answer lies in the 

function provided by tribosphenic molars.  Function in mammalian molars has been the 

subject of intense study.  Following the lead of Crompton and Hiiemäe (1969) a number of 

researchers have examined molar function in mammals with insectivorous, carnivorous and 

various types of herbivorous dentitions (Crompton and Hiiemäe, 1970; Crompton, 1971; Kay 

and Hiiemäe, 1974; Crompton and Kielan-Jaworowska, 1974; Bown and Kraus, 1979; and 

Luo, 1989).  The upshot is that there are generally two types of function--shearing and 

crushing.  Shearing action occurs between blades that slide past each other as the jaw closes.  

Food is sliced between them much like paper by a pair of scissors.  Crushing action occurs 

between a cusp and a basin that occlude like a mortar and pestle and then grind as the jaw 

moves transversely.  These two types of action produce two distinctive patterns of tooth 

wear.  Shearing action results in wear facets that form on shear blades parallel to the 

movement of the teeth as they occlude.  Shear blades essentially wear from the side in.  

                                                

2 This phenomenon has led many (e.g. Tautz, 1992) to suggest that the redundancies 
in genetic code and developmental pathways may be an adaptation resulting from selection 
due to replicational error, the idea being that the more redundant the information, the less 
likely it is to be completely lost.   
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Crushing action results in apical attrition of cusps and basins as they grind food between 

them.  Cusps wear flat in a plane perpendicular to the occlusal direction of the dentition. 

Primitive tribosphenic dentitions emphasize shearing over crushing.  I will argue that 

the tribosphenic-style shearing molars were evolutionarily maintained through natural 

selection for their shearing function.  When this function changed ,it released the selectional 

constraint maintaining the high level of crown complexity and allowed the morphology to 

"flow down the hill" of developmental complexity until it stabilized at a new level when 

selection in its new functional regime stopped the downward slide.  I will now give an 

example in which an animal with a tribosphenic dentition stopped using its molars for 

shearing and used them for crushing instead.  This change was followed by a change in 

morphology to one that was less complex and more symmetrical.  This example is not the 

best, in that the change is not one from a tribosphenic dentition to a quadritubercular one.  It 

is applicable, though, because the changes in dentition are from a more complex type to a 

less complex type.  It can also be throughly documented that function changed before 

morphology changed and, therefore, the new morphology is not a result of selection for 

function. 

An Example from Creodonta:  The Evolution of Apterodon 

The Creodonta was a heterogenous group of mammals with a tribosphenic dentition.  

They are united by the possession of a large metastylar blade on M1-2, which provided the 

main shear blade in the dentition.  The general trend in creodont evolution was to maximize 

the shearing aspects of the dentition and to minimize, or in some clades completely lose, the 

crushing aspect of the dentition.  Creodonts typically show a shearing type of wear on their 

teeth.  They form very distinct wear facets along their shear blades, especially the metastylar 

blade on the upper molars and the pre-vallid blade on the lowers. 
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Apterodon is an unusual mammal from the Eocene of northern Africa and Europe that 

has lost all of the molar synapomorphies of the Creodonta.  It was first described by Fisher 

(1880) from the Phosphorites du Quercy in France.  Fisher's specimen was a partial mandible 

of a subadult individual, which he considered to belong to an aberrant species of Carnivora.  

Fisher remarked that it was extraordinary in that the "anterior denticle" (presumably the 

paraconid) was very reduced in contrast to ordinary Carnivora in which the paraconid was 

greatly enlarged.  Andreae (1887) figured and described in detail a dentary fragment from 

Flonheim that he called Dasyurodon.  It was later recognized by authors who had seen 

Fisher's specimen that Apterodon and Dasyurodon were congeneric.  (Some years later, 

Lange-Badré (1967) figured Fisher's type material and confirmed this synonymy.)  

Apterodon is a rare animal in Europe and no further specimens were described until after the 

turn of the century.  In the early 20th century British, German, and American paleontologists 

explored the Fayum depression of Egypt for vertebrate fossils.  The British paleontologist 

C.W. Andrews described his collections and it was he who next added to the published 

knowledge of Apterodon.  Andrews first described a specimen of Apterodon in 1904, 

considering it to be a new form of Pterodon.  In his 1906 monograph on the Fayum fauna, 

Andrews recognized the affinities of his material to that of Fisher and Andreae.  He described 

some dental and postcranial material, but did not draw any conclusions about the lifestyle or 

affinities of Apterodon other than to say that the molar structure was structurally intermediate 

between Sinopa and Pterodon.   

The study of Apterodon remained virtually in the same state in which it was left by 

Andrews until the mid 1960's when Leigh Van Valen included it in his monographic 

treatments of primitive Eutheria (Van Valen 1966, 1967).  Van Valen suggested that 

Apterodon was related to the Mesonychidae, partially because of similarities to that group 

and partially because of the differences between it and other creodonts.  Szalay (1967) 
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examined the dentition of Apterodon in more detail and concluded that Van Valen was wrong 

and that the genus was an aberrant member of the Creodonta.  Neither author did what would 

now be considered a full phylogenetic analysis, and both based their arguments solely on the 

bases of dental similarity and difference.  During the 1970's and 80's, teams from Yale and 

Duke, primarily led by Elwyn Simons, uncovered substantial new material of Apterodon.  

Most of this is currently unpublished.  Tilden et al. (1990) presented a phylogenetic analysis 

of Apterodon relationships and concluded that the genus was an exceptionally derived 

hyaenodontid creodont.  These authors also concluded that the species Apterodon 

macrognathus is the most morphologically primitive species of the genus and that there is at 

least one previously undescribed species present in the Duke Fayum material.  This analysis 

has not yet been published other than as an abstract.  It and a full stratigraphic and taxonomic 

revision of Apterodon and other Fayum creodonts is currently being finished by P.A. 

Holroyd (pers. comm.). 

I concur with the findings of Szalay and Tilden et al..  Apterodon is a creodont, not a 

mesonychid.  The reasoning behind this is very important because only by establishing the 

close relatives of Apterodon is it possible to reconstruct its ancestral condition and state what 

morphological changes have occurred in its evolution.  Apterodon macrognathus is the most 

completely known member of the genus.  It exhibits several derived features that attest to its 

relationship to other members of Creodonta.  In Chapter 4 I described a new subfamily 

Pterodontinae that includes Apterodon, Pterodon, Hemipsalodon, Megistotherium, 

Sivapterodon, and Hyainailouros, and provisionally includes Paroxyaena, Consobrinus, and 

Parapterodon.  Synapomorphies of this group include nuchal crests that do not extend 

laterally to the mastoid process, but instead converge ventrally toward the foramen magnum.  

The P4 does not have a continuous cingulum from the protocone to the metastyle.  The 

paracone and metacone of M1-2 are completely fused.  The genioglossal muscle attaches 
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halfway up the mandibular symphysis.  The M3 is usually present and the lower molars have 

talonids.  The enamel of the dentition of members of this group is heavier than in the rump 

Hyaenodontinae and the teeth have a "rounded" or "bulbous" appearance more like 

oxyaenids than Hyaenodon.  The surface of the enamel is often deeply textured where it is 

unworn.   

The species of Apterodon are linked with this group mainly through evidence 

preserved in A. macrognathus.  This species is known from several semi-complete skulls, as 

well as dental remains.  The skull of A. macrognathus exhibits the peculiar nuchal crest 

morphology of this group, a feature almost unknown in other groups of mammals.  It also has 

petrosal characters that are synapomorphies of the groups (Chapters 4 and 5).  The petrosal is 

reduced with only a loose connection with the basioccipital on the ventral surface of the 

skull.  It is has a rounded petrosal eminence and is globular like those of Pterodon and 

Hemipsalodon (Lange-Badré, 1979; Gustafson, 1986).  The teeth of A. macrognathus have 

the "bulbous" morphology of other members of this group, they have lightly crenulated 

enamel surfaces when unworn, and the jaw has a vertical symphysis with an attachment point 

for the genioglossal that is located midway up the symphysis.  On the other hand, this species 

is more primitive than other members of the Pterodontinae in that it does not have a fused 

metacone and paracone on the upper molars.  It is not clear whether this is the retention of a 

primitive feature or an evolutionary reversal within the clade.  Apterodon altidens is only 

known from a few incomplete specimens that preserve most of the cheek teeth from the 

upper dentition and all of the lower dentition.  It is considered closely related to Apterodon 

macrognathus because it possesses a number of synapomorphies of the genus.  It has a 

relatively long and narrow palate.  The height of the molar cusps are reduced, but the 

premolar cusps are relatively high.  The premolars are also simplified in that they have no 

accessory cusps and they have vertical striations on their surface.   
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In addition to these characters linking A. altidens closely to A. macrognathus, the 

former also has the vertical symphysis of the Pterodontinae, a dorsally placed attachment of 

the genioglossal, and the metaconid has been lost.  These morphological features, along with 

biogeographical and stratigraphic evidence, support the hypothesis that the species of 

Apterodon form a clade that is included in the Pterodontinae.  There has been no detailed 

phylogenetic study of the other genera in the Pterodontinae, but Pterodon is probably the 

most morphologically primitive member, and its presence in the Fayum fauna with 

Apterodon justifies its use for comparison in assessing the morphological changes seen in the 

evolution of Apterodon.  Figure 6.5 depicts the hypothesis of relationship for Apterodon that 

is advocated here. 

What is remarkable about Apterodon is the degree to which its dentition is derived 

and the speed at which the changes it exhibits took place.  Figure 6.6 shows the upper molars 

of Pterodon dasyuroides, Apterodon macrognathus, and A. altidens.  Pterodon possesses a 

typical hyaenodontid molar morphology with a large metastylar blade and a carnassial notch 

between the metacone and metastyle.  These functioned for slicing meat or other food.  An 

enlarged metastylar blade is perhaps the most universal molar feature that can be used to 

diagnose a member of the Creodonta.  Apterodon altidens in particular has almost completely 

lost the metastylar blade on M2!  Compared to Pterodon, this species has relatively low 

cusps, an almost non-existent metastylar blade on M2, a very reduced metacone, a reduced 

stylar shelf, and an enlarged and anteriorly placed protocone.  The only place on the tooth 

where shearing could have taken place was on the anterior, pre-vallum shear blade between 

the protocone and paracone.  Apterodon macrognathus, while not as derived as A. altidens, is 

also aberrant for a creodont.  It has very rounded cusps, a relatively small metastylar blade, 

and a relatively large protocone.   
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Such changes, especially the extreme reduction of the metastyle, are not seen in any 

other member of the Creodonta--a group with more than 200 described species!  In all other 

known creodonts the post-vallum shear is larger and more well developed than the pre-

vallum shear.  In all of these respects Apterodon altidens resembles a mesonychid more than 

a creodont and it does not possess any of the creodont dental synapomorphies.  Figure 6.7 is 

the cladogram from Chapter 4 showing the phylogenetic relationships of selected 

hyaenodontid creodont genera.  The structure of the tree is largely based on the evidence 

provided by the postcranial and basicranial characters (Chapters 4 and 5).  This is important 

because it deflects any charges of circularity that may be leveled.  Most of the changes in 

molar morphology implied by this tree are matters of degree.  In creodont molar evolution, 

the major changes were in the relative lengths of the shearing blades, particularly the 

metastylar blade, and the crushing areas, particularly the talonid basin and protocone.  An 

example is provided by the lineage shown in Figure 6.8.  This lineage includes the creodont 

outgroup Cimolestes, from the Cretaceous of North America, and the hypercarnivorous 

Hyaenodon, from the Late Oligocene of North America, Asia, and Europe.  In this more than 

44-million-year-long lineage, and in most other creodont lineages, the changes in molar 

structure do not deviate from the pattern just described.  Only in the Apterodon lineage do we 

see the dramatic changes in molar morphology.   

Compared to the time period covered by creodont evolution, the changes in 

Apterodon happened relatively quickly.  Both Apterodon macrognathus and A. altidens are 

from the Late Eocene or Early Oligocene deposits in the Fayum Basin of Egypt.  The 

mammal bearing beds of the Fayum deposits are in the Qasr el Sagha Fm. and the Jebel 

Qatrani Fm. are of questionable age (e.g. Bown et al., 1982; Bown and Kraus, 1988).  The 

uppermost part of the Qasr el Sagha Fm. contains and echinoderm and oyster fauna are 

considered uppermost Eocene (Said, 1962; Bown and Kraus, 1988).  The Birket Qarun Fm., 
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which conformably underlies the Qasr el Sagha Fm. is biostratigraphically correlated with 

the upper Eocene using marine invertebrates (Beadnell, 1905; Vondra, 1974).  The Jebel 

Qatrani Fm. has a minor unconformity between it and the Qasr el Sagha and is 

unconformably overlain by the Widan el Faras Basalt, the oldest layers of which have been 

dated at 31.0 ± 1.0 Ma (Fleagle et al., 1986).  This information provides a maximum time 

bracket for the morphological changes seen in Apterodon to have occurred.  Apterodon 

macrognathus is known from both the Jebel Qatrani Fm. and the upper part of the Qasr el 

Sagha Fm. (Andrews, 1906; Holroyd et al. in prep.).  Apterodon altidens is only known from 

the Jebel Qatrani (Schlosser, 1911).  This means that the earliest date for the appearance of 

Apterodon macrognathus is the beginning of the upper Eocene at about 43 Ma 

(circumstantial evidence suggests that it would have been later since it is found high in the 

section of the Qasr el Sagha, closer to the latest Eocene beds) and that it persisted until after 

the end of the Eocene at about 37 Ma.  Apterodon altidens, on the other hand, has a 

maximum age of first appearance at 37 Ma, and a minimum age of last appearance at 31 Ma.  

This means that the maximum time period for all morphological changes in Apterodon to 

have happened was 14 million years and the maximum amount of time for the changes 

between A. macrognathus and A. altidens was 6 million years (Figure 6.9).  The actual time 

period was probably much greater than this given that Apterodon macrognathus first appears 

in the upper part of the Qasr el Sagha, that Apterodon altidens probably did not occur in the 

uppermost section of the Jebel Qatrani, and that the boundary between the Jebel Qatrani and 

the 31-Ma-aged Widan el Faras Basalt is unconformable and some unknown chunk of time is 

not preserved between the two.  This raises the question of why Apterodon shows relatively 

quick and dramatic morphological changes in its molars while other creodont lineages 

persisted for much longer periods of geological change without them. 
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Figure 6.10 shows the upper second molars of Pterodon dasyuroides, Apterodon 

macrognathus, and A. altidens arranged on the developmental complexity hill of Figure 6.3.  

Pterodon is placed at the top because of its extreme asymmetry, particularly in the extreme 

posterior enlargement of the metastylar blade.  Apterodon altidens, on the other hand, is at 

the bottom because it has lost much of the antero-posterior asymmetry by reducing the 

metastyle and metacone.  It has also moved the protocone relatively posteriorly, reduced the 

disparity in size between the labial and lingual sides of the tooth, and rounded the cusps 

relative to the condition in Pterodon.  This implies that the changes observed in Apterodon 

should be expected.  As previously discussed, such changes did not occur in any other 

lineage of Creodonta in spite of their long, diverse history.  The question is why?   

The answer lies in the relationship between selection for function and the trend 

toward developmental simplification.  The morphology and wear patterns of most creodont 

molars attest that they were used for slicing food between shear blades.  To this end, they 

have two main shearing blades--one along the anterior of the trigonid and posterior of the 

trigon and the other along the posterior of the trigonid and the anterior of the trigon.  These 

were respectively termed the prevallid/postvallum and postvallid/prevallum shears by Van 

Valen (1966).  The trigons and trigonids of tribosphenic dentitions interlock precisely when 

they occlude.  All of the lower molars occlude with two upper molars, ahead of the trigonid 

and one behind.  Likewise, all of the upper molars except the last occlude with two lowers.  

If any of the molars in the tooth row does not form correctly, it probably will not occlude 

properly.  The anterior/posterior occlusion of tribosphenic molars leaves little room for 

variation.  If one molar is a little too small compared to the others, it will not occlude tightly 

and shearing function will be impaired (like a loose pair of scissors). On the other hand, if 

one molar is a little too big compared to the others, then it will occlude against its 

counterparts instead of shearing past them.  This will blunt and wear the cusps and shear 
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blades rendering them useless for shearing meat.  This is similar to the situation described by 

Lucas (1982; 160) in a discussion of a carnivore eating hard, brittle food with its carnassials:  

"it would be perfectly capable of eating the hard brittle food with blunted teeth, but would 

suffer only in an attempt to resume masticating its natural diet."  Evolutionary change in the 

morphology of one tribosphenic molar must be accompanied by corresponding changes in 

the two molars that occlude with it in order for correct occlusion to be maintained.  Thus, not 

only is complex information required to produce a tribosphenic molar, but the variation 

within and between individuals must be minimized and coordinated with variation in the 

other molars in the tooth row. 

In Apterodon the shearing blades that are present do not have wear facets along them.  

Instead the cusps wear from their apices as though they were grinding food between them 

rather than slicing.  Every specimen of Apterodon macrognathus or A. altidens that I have 

examined were worn in this fashion.  In specimens of older individuals the molars are 

commonly worn down to the tops of the roots.  Figure 6.11 shows the lower jaws of two 

specimens of Apterodon macrognathus.  The jaw in 6.11 B is from a relatively young 

individual and is almost unworn whereas the jaw in 6.11 A is from an older individual and 

exhibits extreme apical wear.  Note how the degree of wear in 6.11 A is corresponds to the 

order of eruption of the molars.  M1 is the most worn and M3 is the least.  The pattern of 

wear does not match the pattern of the crown morphology in any way.  Apical wear is just as 

likely to be found on the cusps that form shear blades as it is on those that occlude in basins.  

Additionally, the exact pattern of wear has considerable individual variation.  Some 

individuals show the most wear on the anterior of the teeth, some on the posterior, some on 

the right side of the mouth, some on the left.   

This suggests that even though Apterodon macrognathus had a dentition that was 

morphologically suited to shearing, it was grinding something instead.  The apparent 
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morphological adaptation of the dentition and its actual function do not match.  In the 

Apterodon lineage the function of the dentition changed before its morphology.  The molar 

structure of Apterodon altidens more closely matches the wear patterns it exhibits.  The 

metastylar and pre-vallid shearing blades are greatly reduced, the protocone is enlarged 

relative to the other cusps, and the cusps are lower and more rounded than in Apterodon 

macrognathus or Pterodon.  The dentition of Apterodon altidens was essentially catching up 

morphologically with the functional changes that had already occurred in Apterodon 

macrognathus! 

The "default developmental pathway" of molar evolution depicted in Figure 6.3 

would have tended to destroy the well-developed shearing function of creodont dentitions by 

reducing the enlarged metastylar blade and squaring off the teeth.  Variation in this direction 

would have been selected against as long as creodonts continued in their carnivorous diet.  

Only variation that was compatible with the required function would have found its way into 

the mainstream of creodont evolution.  As I mentioned previously, the "downhill" path of 

developmental simplification is only the most likely path, not the only path.  It is also 

possible, though less probable, that random variation will produce a more complex form.  If 

such random variation in creodont evolution were to enhance the asymmetry by producing a 

longer shearing blade or reduce the crushing aspects of the molars then it would be quite 

beneficial to its possessor. 

If the new variation did increase the efficiency of mastication then any backward 

slide would decrease it again.  In this way, natural selection on molar function would "track" 

the change in molar morphology toward hypercarnivory, keeping it from sliding down the 

complexity hill.  In the same way, if the ability to masticate a varied diet enhanced the 

probability of survival of an individual then variations that increased the relative crushing 

ability of the molar without destroying its slicing ability would be selected for.  This might 
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involve a slow release of selectional pressure on the "downhill side" of the complexity hill 

allowing an ordered decrease in asymmetry.  All of the molar changes in this scenario would 

be relatively slow and would be both morphologically and functionally continuous.  There 

should be slow change with intermediates as variation, function, and selection interact.  This 

seems to have been the case during the majority of creodont evolution.  In most lineages, 

such as the one containing Hyaenodon (Figure 6.8), there are intermediate stages in dental 

evolutionary transformations.  Hyaenodon is hypercarnivorous with a huge metastylar/pre-

vallid shearing blade on its molars and very small to non-existent protocones and talonids.  

Its molar morphology was acquired step-by-step in its evolutionary history.  In the successive 

outgroups to Hyaenodon there was a progressive reduction of the protocone, talonid, 

metaconid, and pre-vallum/post-vallid shear blade.  The changes seen in the dentition are 

slow, "postdictable", and functionally continuous.  The molar morphology, in this case, is 

phylogenetically informative because there is evolutionary change that can be used to 

diagnose derived groups, but the change was slow enough not to erase so much information 

that the derived groups cannot be linked to their less derived outgroups.  The non-dental data 

used in the construction of the cladogram in Figure 6.7 confirm the phylogenetic pattern of 

the molar data. 

When the function changed drastically and suddenly in Apterodon the situation was 

different.  Apterodon changed its diet so that slicing was no longer part of its masticatory 

function.  This is evidenced by the complete lack of wear facets on the shear blades, which 

are still present in A. macrognathus.  All of the wear is apical in the molars of all species of 

this genus.  The closest outgroups of Apterodon do exhibit wear facets on their shear blades.  

The fact that early, morphologically primitive members of the genus, particularly Apterodon 

macrognathus, still retain shear blades as part of the molar morphology suggests that the 

cohesive interaction between morphological variation, function, and selection was not 
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present in this lineage.  I argue that the abandonment of slicing in the mastication of 

Apterodon released the functional constraint imposed by selection and allowed the molar 

morphology to drift down the complexity hill.  This explains the change in morphology after 

the change in function had already occurred.  If direct selection had been involved in this 

morphological transition then the two should have changed in concert, with small 

morphological changes followed by changes in the selectional regime for function.  It also 

explains the observation that the molar morphology in Apterodon altidens changed at all.  

Apterodon macrognathus seems to have been perfectly able to cope with its diet by crushing 

with the molars it had.  This is evidenced by its persistence from the Qasr el Sagha Fm. into 

the Jebel Qatrani Fm.  If it was able to function adequately, then there would be no selection 

to guide the change in morphology.  Thus, it seems logical to conclude that the molar 

morphology in Apterodon was free to drift.  Given this freedom, the most probable path for it 

to drift was down the complexity hill as successive replications caused the loss of 

developmental information.  Presumably, the dentition would change in this direction until it 

reached the minimally complex morphology that would still sustain its new function.  Then 

selection would re-assert itself to maintain the morphology at the new level of complexity.  

In this case, morphological change would be rapid and dramatic, so much so that 

phylogenetic information is lost in the process because the tooth becomes so different that 

there are no longer any characters left that link its possessor to its more morphologically 

primitive outgroups.  This is the case in Apterodon altidens, whose molars no longer have 

any of the creodont synapomorphies.  It is only through non-molar characters that we know 

the phylogenetic relationships of this animal. 

Two Scenarios for Molar Evolution 

Two basic scenarios of molar evolution are depicted in Figure 6.12.  The left half of 

the picture depicts change when function, morphology, and selection change in a coordinated 
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way.  The bulldozer represents selective pressure due to functional requirements.  It can 

either follow morphological change up the complexity hill, keeping it from sliding back 

down, or it can slowly back down allowing morphology to follow.  Remember, the bulldozer 

cannot push morphology up the hill, it can only follow and keep it from sliding back down.  

This is because selection cannot produce new variation, it can only maintain it in the 

population.  On the right, stasis and change due to functional constraints and their release are 

depicted.  Functional constraint for a complex morphology is represented by a dam holding 

back water.  As long as functional selection is present, molar morphology remains at a 

relatively complex level and does not slide down the hill.  An extreme change in molar 

function is equivalent to the bursting of the dam.  When this happens, the water flows 

downhill until it reaches the next selectionally stable point, represented by the lower dam. 

Testing the Hypothesis 

In order for a hypothesis to be of much scientific use it must be testable.  There are 

several ways in which the hypothesis presented in this paper can be tested, both directly and 

by testing some of the implications of the model.  The most direct test would be the 

discovery of the exact nature of the genetic control of mammalian molar development.  This 

would allow the sequence of developmental complexity advocated in this paper to be 

substantiated or falsified.  At the moment, this is not possible.  Developmental mechanisms 

are still only poorly understood.  However, progress is being made, partially through 

improving technical methods.  Molecular biology is progressing rapidly and tools for 

isolating chemical substances and manipulating them in experiments are improving.  It may 

soon be possible to directly study the chemical mechanism that produces folding in the inner 

enamel epithelium. 
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In the meantime, other aspects and implications of the model can be investigated.  

The first is to look at the relationship between function and morphological change in molar 

structure in a phylogenetic context.  There are a number of very sophisticated techniques 

currently being used to study molar shape and shape change.  These can be used to quantify 

molar shape, particularly those parts that are functionally significant such as the total shear 

blade length or crushing surface of the tooth.  By quantifying molar morphology, a more 

accurate assessment can be made of the amount of change that occurred.  By mapping these 

changes onto a phylogeny that is produced not only from dental data, but from other sources 

of information as well, changes in morphology can be correlated to changes in function.  By 

tying the phylogenetic tree to the geological record through the use of fossils, comparisons of 

absolute rates of change can be made.  The expectation of this model is that in cases where 

molar evolution is rapid, function should change first and morphology change second.  

Where molar evolution is slow, function and morphology should change together.  Changes 

in morphology that happen rapidly after a functional change should only change in the 

direction indicated by the downward slope of the complexity hill in Figure 6.3.  Changes that 

go up the hill should only happen slowly and be accompanied rather than preceded by change 

in function. 

The final implication of this model that can be readily tested concerns the 

phylogenetic resolving power of molar data.  If molar evolution occurs in a quantum fashion 

(Simpson, 1953) after a dramatic change in function then molar data should not be able to 

resolve cladogram nodes due to loss of phylogenetic information.  Other data from the 

cranium or post-crania would have to provide resolution at these nodes.  However, molar 

data should be phylogenetically informative at nodes where there was little or no functional 

change.  Thus, the resolving phylogenetic resolving power of molar data should wax and 

wane through evolutionary time in correlation to the amount of functional change in the 
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dentition.  This can be contrasted to the phylogenetic resolving power of neutrally evolving 

molecules.  Neutral molecules, such as non-coding DNA segments, should accumulate 

changes constantly through time.  These changes should steadily erode the phylogenetic 

information content of the strand.  If the data are treated phenetically by comparing the 

degree of dissimilarity, the more distant the split between two taxa, the more dissimilar the 

sequence should be.  However, if the data are treated cladistically then the resolving power of 

the sequence should decrease proportionally to the divergence times between the taxa being 

considered.  The more recent the split, the more likely it is that the neutral sequence data will 

resolve the branching pattern.  Thus, phylogenetic resolving power of neutral molecular data 

should erode constantly with time.  A group such as Carnivora, which has a good fossil 

record and a diversity of living taxa to provide molecular data, could be used to compare the 

observed patterns of phylogenetic resolving power of molar and neutral molecular data.  

Molar data should be able to equally resolve ancient and recent splits if function was not 

changing rapidly at the time of the split.  Conversely, they should be equally unable to 

resolve nodes if function changed drastically.  On the other hand, neutral molecular data 

should resolve more recent nodes better than more ancient ones.  The pattern of resolution of 

branching structure should contrast markedly between cladograms based on molar 

morphology and those based on neutral molecular sequences.  This test is, to me, the most 

intellectually intriguing and satisfying of the three. 

Conclusion 

As a general expectation, mammalian molars should become less developmentally 

complex during the course of evolution.  The force of opposition between selection and 

developmental simplification is higher for teeth at the top of the hill depicted in Figure 6.3 

than for those further down the slope.  For tribosphenic teeth, occlusion must be precise and 
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variation limited.  At the same time, however, generational replication of the developmental 

information required to produce these teeth and the inevitable loss of information that 

accompanies replication may have a tendency to simplify the molar crown pattern.  This 

provides a "driving force" to change from the ancestral eutherian molar pattern if conditions 

allow.  I think this partially explains the explosive radiation of eutherian mammals in the 

Tertiary and the paucity of eutherian groups that still retain the tribosphenic molar pattern 

today. 

The central argument that I want to make in this paper is that many of the 

evolutionary changes in mammalian molar morphology during the history of mammals may 

not have had anything to do with selection.  Instead they may have resulted from a tendency 

to lose developmental information.  If tribosphenic molars really do require more 

developmental information, as I have hypothesized, then they may be expected to change to a 

simpler form over the course of evolution.  Quadritubercular molars, even though they have 

more cusps, may be simpler because they are more symmetrical.  Thus, they could be 

expected to evolve from a tribosphenic form.  This might explain the frequency with which 

they have appeared in mammalian history.  The only function of selection in this model is 

that it sometimes keeps these changes from happening.  If a high degree of shearing is 

required of the dentition, then there would be selection against the loss of tribosphenic 

molars.  When that requirement is lost, then the "downward" slide of complexity occurs.  

Thus, the change from a tribosphenic molar crown pattern to a quadritubercular one could be 

considered the "default" evolutionary pathway.  If the model I have described above is 

correct, it probably provides a partial solution to the question of how and why the 

quadritubercular molar has evolved so many times. 
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Figure 6.1:  Ontogenetic development of mammalian molars (from Moore, 1982).  In E., the 
region of the inner enamel epithelium is visible between the dental papilla and the 
enamel reticulum. 
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Figure 6.2:  Steps in the morphogenesis of the mammalian molar crown.  A.  The top portion 
of the figure represents an early stage in devlopment of an upper molar in which only 
the paracone is visible.  The labels point to the areas where other cusps develop later.  
The line below shows incremental stages of folding and cusp development in the 
inner enamel epithelium in a sequence from left to right.(From Butler, 1982.)  B.  
Morphogenesis of the lower molar crown of a mouse.  The top row (I) is a lingual 
view and the bottom row (II) is an occlusal view.  The stages on the left are earlier in 
development and the right are later.  (From Gaunt, 1960.) 
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Figure 6.3:  Scale of complexity of four representative mammalian molars.  The tooth at the 
top of the hill is most complex because it exhibits the greatest asymmetry in its crown 
pattern and has a relatively large number of features.  The tooth at the bottom of the 
hill is the least complex because it only has a single feature and is quite symmetrical. 
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Figure 6.4:  Information loss due to mutational error with generational replication. 
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Figure 6.5:  Phylogenetic relationships of Apterodon and Pterodon. 
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Figure 6.6:  Upper molars of Pterodon dasyuroides, Apterodon macrognathus, and 
Apterodon altidens. 
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Figure 6.7:  Cladogram of selected hyaenodontid creodont genera from Chapter 4 
based on 61 dental, cranial, and postcranial characters.  Total tree length is 117 steps 
yielding a consistency index of 0.68. 
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Figure 6.8:  Cladogram of a selected lineage from Figure 6.7 showing molar changes 
withing hyaenodontids that are mostly matters of enlarging the metastylar blade 
relative to the protocone.  Note that this lineage extends from Cimolestes, a creodont 
outgroup from the Cretaceous, through Hyaenodon, a hypercarnivorous genus that 
lived until the Late Oligocene; more than 44 million years of molar evolution. 
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Figure 6.9:  

Stratigraphic 

ages of 

Apterodon 

bearing beds 

in the 

Fayum 

Basin of 

Egypt.   
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Figure 6.10:  The upper second molars of Pterodon dasyuroides, Apterodon macrognathus, 
and A. altidens arranged on the developmental complexity hill.  Pterodon is placed at 
the top because of its extreme asymmetry, particularly in the extreme posterior 
enlargement of the metastylar blade.  Apterodon altidens, on the other hand, is at the 
bottom because it has lost much of the antero-posterior asymmetry by reducing the 
metastyle and metacone.  It has also moved the protocone relatively posteriorly and 
rounded the cusps relative to the condition in Pterodon. 
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Figure 6.11:  Lower jaws of a young individual and an older individual of Apterodon 
macrognathus.  A: UCMP unnumbered specimen (Field number F-195), from locality 
V6792, an older individual in which the molars exhibit apical wear and the anterior 
molars are worn almost to the tops of the roots.  B:  UCMP 62218, locality V4756, a 
relatively young individual with little wear present on the teeth. 
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Figure 6.12:  Two basic selectional regimes in mammalian molar evolution.  The left half of 
the picture depicts change when function, morphology, and selection change in a 
coordinated way.  The bulldozer represents selective pressure due to functional 
requirements.  It can either follow morphological change up the complexity hill, 
keeping it from sliding back down, or it can slowly back down allowing morphology 
to follow.  On the right, stasis and change due to functional constraints and their 
release is depicted.  Functional constraint for a complex morphology is represented 
by a dam holding back water.  As long as functional selection is present, molar 
morphology remains at a relatively complex level and does not slide down the hill.  
An extreme change in molar function is equivilent to the bursting of the dam.  When 
this happens, the water flows downhill until it reaches the next selectionally stable 
point, represented by the lower dam. 
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Proviverrinae 

Proviverra Rutimeyer, 1862, p. 80. 

P. typica Rutimeyer, 1862, p. 80. 

P. minor (Filhol, 1877, p. 28). 

P. eisenmanni Godinot, 1981, p. 64. 

P. edingeri Springhorn, 1982, p. 111. 

Protoproviverra Lemoine, 18  , p.  

P. palaeonictides Lemoine, 1880, p. 5. 

Allopterodon Ginsburg, 1977, p. 313. 

A. torvidus (Van Valen, 1965, p. 646). 

Paracynohyaenodon Martin, 1906, p. 424. 

P. schlosseri Martin, 1906, p. 426. 

Galethylax Gervais, 1848-52, p. 132. 

G. blainvillei Gervais, 1848-52, p. 132. 

Parvagula Lange-Badre, 1987, p. 274. 

P. palulae Lange-Badre, 1987, p. 274 (in Godinot, et al., 1987). 

Praecodens Lange-Badre, 1981, p. 25. 

P. acutus Lange-Badre, 1981, p. 25. 

Cynohyaenodon Filhol, 1873, p. 87. 

C. cayluxi (Filhol, 1872, p. 20). 
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C. leenhardti Martin, 1906, p. 420. 

C. rutimeyeri (Deperet, 1917, p. 172). 

C. trux Van Valen, 1965, p. 648. 

C. lautricensis Lange-Badre, 1978, p. 472. 

C. magnus Crochet, 1988, p. 56. 

Quercitherium Filhol, 1880, 

Q. tenebrosum Filhol, 1880, 

Q. simplicidens Lange-Badre, 1975, p. 677. 

Alienitherium Lange-Badre, 1981, p. 22. 

A. buxwilleri Lange-Badre, 1981, p. 22. 

Leonhardtina Matthes, 1952, p. 223. 

L. gracilis Matthes, 1952, p. 223. 

Paratritemnodon Rao, 1973, p. 1 

P. indicus Rao, 1973, p. 3 

Masrasector Simons and Gingerich, 1974, p. 158. 

M. aegypticum Simons and Gingerich, 1974, p. 159. 

M. ligabuei Crochet, Thomas, Roger, Sen, and Al-Sulaimani, 1990, p. 1456. 

Metasinopa Osborn, 1909a, p. 423. 

M. ethiopica (Andrews, 1906, p. 233). 

M. fraasi Osborn, 1909a, p. 423. 

M. napaki Savage, 1965, p. 263. 
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Anasinopa Savage, 1965, p. 259. 

A. leakeyi Savage, 1965, p. 259. 

Dissopsalis Pilgrim, 1910a, p. 64. 

D. carnifex Pilgrim, 1910a, p. 64. 

D. pyroclasticus Savage, 1965, p. 265. 

Teratodon Savage, 1965, p. 247. 

T. spekei Savage, 1965, p. 247. 

T. enigmae Savage 1965, p. 253. 

Acarictis Gingerich and Deutsch, 1989, p. 332. 

A. ryani Gingerich and Deutsch, 1989, p. 333. 

Arfia Van Valen, 1965, p. 659. 

A. opisthotoma (Matthew, 1901, p. 28). 

A. shoshoniensis (Matthew, 1915, p. 73). 

A. woutersi Lange-Badre and Godinot, 1982, p. 475. 

A. zele Gingerich and Deutsch, 1989, p. 334. 

A. junnei Gingerich, 1989, p. 33. 

Tritemnodon Matthew, 1906, p. 205. 

T. agilis (Marsh, 1872, p. 204). 

T. strenua (Cope, 1875, p. 10). 

T. hians (Cope, 1877, p. 118). (=T. strenua  see Gingerich and Deutsch, 1989) 

T. whitiae (Cope, 1882, p. 161). 
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Pyrocyon Gingerich and Deutsch, 1989, p. 360 

P. dioctetus Gingerich and Deutsch, 1989, p. 360 

Prototomus Cope, 1874, p. 601. 

P. vivverrinus Cope, 1874, p. 601. 

P. secundarius Cope, 1875a, p. 9. 

P. multicuspus Cope, 1875a, p. 10. 

P. robustus (Matthew, 1915, p. 80). 

P. vulpeculus (Matthew, 1915, p. 80). 

P. bulbosus Lange-Badre, 1979, p. 42. 

P. deimos Gingerich and Deutsch, 1989, p. 345. 

P. phobos Gingerich and Deutsch, 1989, p. 346. 

P. martis Gingerich and Deutsch, 1989, p. 349. 

Prolimnocyon Matthew, 1915, p. 67. 

P. atavus Matthew, 1915, p. 68. 

P. robustus Matthew, 1915, p. 70. 

P. antiquus Matthew, 1915, p. 70. 

P. elisabethae Gazin, 1952, p. 51. 

P. macfaddeni Rigby, 1980, p. 79. 

P. eerius Gingerich, 1989, p. 36. 

P. haematus Gingerich and Deutsch, 1989, p. 364. 
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Paeneprolimnocyon Guthrie, 1967b, p. 1285. (=Oodectes see Gingerich and Deutsch, 

1989) 

P. iudei Guthrie, 1967a, p. 14. (=Oodectes herpestoides) 

P. amissadomus Guthrie, 1967b, p. 1285. (=Oodectes jepseni) 

Thinocyon Marsh, 1872, p. 204. 

T. velox Marsh, 1872, p. 204. 

T. comptus (Marsh, 1872, p. 214). 

T. medius (Wortman, 1902, p. 120). 

T. cledensis Matthew, 1909, p. 460. 

T. mustelinus Matthew, 1909, p. 461. 

T. sichowensis Chow, 1975, p. 165. 

Galecyon Gingerich and Deutsch, 1989, p. 362. 

G. mordax (Matthew, 1915, p. 73). 

Proviverroides Bown, 1982, p. 50. 

P. piercei Bown, 1982, p. 50. 

Sinopa Leidy, 1871, p. 116. 

S. rapax Leidy, 1871, p. 116. 

S. pungens Cope, 1872a, p. 1. 

S. eximia Leidy, 1873, p. 118. (Creodont?) 

S. minor Wortman, 1902, p. 17. 

S. major Wortman, 1902, p. 18. 

S. grangeri Matthew, 1906, p. 206. 



 

274 

Prodissopsalis Matthes, 1952, p. 206. 

P. eocanicus Matthes, 1952, p. 207. 

P. theriodis Van Valen, 1965, p. 651. 

P. matthesi (Lange-Badre and Haubold, 1990, p. 613). 

Propterodon Martin, 1906, p. 455. 

P. morrisi (Matthew and Granger, 1924, p. 1). 

P. iridensis Matthew and Granger, 1925, p. 4. 

P. pishigouensis Tong & Lei, 1986, p. 212. 

Koholiinae 

Koholia Crochet, 1988b, p. 1798. 

K. atlasense Crochet, 1988b, p. 1798. 

Hyaenodontinae 

Francotherium Rich, 1971, p. 20. 

F. lindgreni Rich, 1971, p. 20. 

Oxyaenoides Matthes, 1967c, p. 454. 

O. schlosseri (Ruetimeyer, 1891, p. 101). 

O. bicuspidens Matthes, 1967c, p. 454. (=O. lombarti) 
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Hyaenodon Laizer and Parieu, 1838, p. 442. 

European 

H. leptorhynchus Laizer and Parieu, 1838, p. 442. 

H. brachyrhynchus (de Blainville, 1842, p. 113). 

H. requieni (Gervais, 1846, p. 846). 

H. minor Gervais, 1848-52, p. 129. 

H. laurillardi Pomel, <1853, p. 

H. cayluxi Filhol, <=1872 

H. dubius Filhol, 1872a, p. 29. 

H. exiguus (Gervais, 1872, p. 266). 

H. vulpinus Gervais, 1873, p. 374. 

H. compressus Filhol <1876 

H. heberti Filhol <1876 

H. aymardi Filhol, 1881, p.  

H. filholi Schlosser, 1887, p. 189. 

H. gervaisi Martin, 1906, p. 491 

H. milloquensis Martin 1906, p. 498 

H. ambiguus Martin, 1906, p. 508. 

H. nouleti Deperet, 1917, p. 188. 

H. martini Deperet, 1917, p. 211. 

H. aimi Cooper, 1926, p.  

H. bavaricus Dehm, 1935, p. 26. 

H. rossignoli Lange-Badre, 1979, p. 149. 

Asian 
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H. pervagus Matthew and Granger, 1924, p. 1. 

H. eminus Matthew and Granger, 1925a, p. 2. 

H. yuanchensis Young, 1937, p. 413. 

H. mongoliensis (Dashzeveg, 1964, p. 265). 

H. incertus Dashzeveg, 1985, p. 19. 

H. gigas Dashzeveg, 1985, p. 23. 

H. chunktensis Dashzeveg, 1985, p. 24. 

North American 

H. (N.) horridus Leidy, 1853, p. 392. 

H. (N.) montanus Douglass, 1901,  p. 253. 

H. (N.) vetus Stock, 1933, p. 434. 

H. (N.) megaloides Mellet, 1977, p. 24. 

H. (P.) mustelinus Scott, 1895a, p. 499. 

H. (P.) crucians Leidy, 1853, p. 393. 

H. (P.) brevirostrus Macdonald, 1970, p. 52. 

H. (P.) microdon Mellet, 1977, p. 45. 

H. (P.) venturae Mellet, 1977, p. 43. 

H. (P.) raineyi Gustafson, 1986, p. 33. 

African (Not true Hyaenodon) 

H. (I.) brachycephalus Osborn, 1909a, p. 424. 

H. (I.) andrewsi Savage, 1965, p. 281. 

H. (I.) matthewi Savage, 1965, p. 283. 

H. (I.) pilgrimi Savage, 1965, p. 284. 
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"Pterodon" 

"P." hyaenoides Matthew and Granger, 1925, p. 1. (Hyaenodon relation) 

Pterodontinae 

Pterodon de Blainville, 1839, p. 23. 

European 

P. dasyuroides de Blainville, 1839, p. 23. 

African 

P. africanus Andrews, 1903, p. 343. 

P. leptognathus Osborn, 1909a, p. 419. 

P. phiomensis Osborn, 1909a, p. 421. 

P. brachycephalus Osborn, 1909a, p. 424. 

P. saghensis (Simons and Gingerich, 1976, p. 3). 

Asian 

P. dahkoensis Chow, 1975, p. 165. 

P. exploratus Dashzeveg, 1985, p. 14. (Hyaenodon?) 

P. rechetovi Dashzeveg, 1985, p. 14. (Hyaenodon?) 

Hemipsalodon Cope, 1885, p. 163. 

H. grandis Cope, 1885, p. 163. 

H. viejaensis Gustafson, 1986, p. 16. 

Megistotherium Savage, 1973, p. 486. 

M. osteothlastes Savage, 1973, p. 487. 
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Hyaenailouros Biedermann, 1863, p. . 

H. sulzeri Biedermann, 1863, 

H. bugtiensis (Pilgrim, 1908, p. 157). 

H. maximus (H. v. Meyer, 1837, p. ) 

H. nyanzae (Savage, 1965, p. 274.) 

H. fourtaui von Koenigswald, 1947, p. 292. 

H. napakensis Ginsburg, 1980, p. 45. 

Apterodon Fisher, 1880, p. 290. 

A. gaudryi Fisher, 1880, p. 290. 

A. flonheimensis (Andreae, 1887, p. 129). 

A. macrognathus (Andrews, 1904, p. 211). 

A. altidens Schlosser, 1911, p. 83. 

A. minutus Schlosser, 1911, p. 84. 

Paroxyaena Martin, 1906, p. 598. 

P. galliae (Filhol, 1881, p. ) 

Parapterodon Lange-Badre, 1979, p. 88. 

P. lostangensis Lange-Badre, 1979, p. 88 (=Schizophagus dilatatus Lange-

Badre, 1975, p. ) 

Consobrinus Lange-Badre, 1979, p. 167. 

C. quercy Lange-Badre, 1979, p. 167. 

Paenoxyaenoides Lange-Badre, 1979, p. 163. 

P. ligurtator Lange-Badre, 1979, p. 164. 
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Sivapterodon Ginsburg, 1980, p. 45. 

S. lahirii (Pilgrim, 1932, p. 169). 

Other Hyaenodontine-like Creodonts 

Metapterodon Stromer, 1926, p. 110. 

M. kaiseri Stromer, 1926, p. 110. 

M. zadoki Savage, 1965, p. 270. 

Matthodon Lange-Badre & Haubold, 1990, p. 610. 

M. tritens Lange-Badre & Haubold, 1990, p. 610. 

Leakitherium Savage, 1965, p. 276. 

L. hiwegi Savage, 1965, p. 276. 

Pseudopterodon Schlosser, 1887, p. 199. 

P. ganodus Schlosser, 1887, p. 201. 

Ischnognathus Stovall, 1948, p. 853. 

Probably not a Creodont 

I. savagei Stovall, 1948, p. 853. 
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Limnocyoninae 

Limnocyon Marsh, 1872, p. 126. 

L. verus Marsh, 1872, p. 126. 

L. agilis Marsh, 1872, p. 204. 

L. potens Matthew, 1909, p. 447. 

 (=L. terglassi) 

L. protenus Cope, 1874, p. 602. 

Oxyaenodon Wortman, 1899, p. 145. (Check Matthew 1899, p. 49) 

O. dysodus Wortman, 1899, p. 145. 

O. dysclersus Hay, 1902, p. 759. 

Thereutherium Filhol, 1876c, p. 289. 

T. thylacoides Filhol, 1876c, p. 289. 

Machaeroidinae 

Machaeroides Matthew, 1909, p. 461. 

M. eothien Matthew, 1909, p. 462. 

M. simpsoni Dawson, Stucky, Kristalka, & Black, 1986, p. 177. 

Apataelurus Scott, 1937, p. 455. 

A. kayi Scott, 1937, p. 455. 

Hessolestes Peterson, 1931, p.  

H. ultimus Peterson, 1931, p.  
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Oxyaeninae 

Tytthaena Gingerich, 1980, p. 570. 

T. parrisi Gingerich, 1980, p. 571. 

T. lichna (Rose, 1981, p. 109.) 

Oxyaena Cope, 1874, p. 599. 

O. lupina Cope, 1874, p. 599. 

O. forcipata Cope, 1874, p. 600. 

O. moristans Cope, 1874, p. 600. 

O. gulo Matthew, 1915, p. 53. 

O. pardalis Matthew, 1915, p. 55. 

O. intermedia Denison, 1938, p. 168. 

O. ultima Denison, 1938, p. 169. 

O. simpsoni Van Valen, 1966, p. 80. 

O. menui Rich, 1971, p. 26. 

Argillotherium Davies, 1884, p. 438. 

A. toliapicum Davies, 1884, p. 438. 

Dipsalidictis Matthew, 1915, p. 63. 

D. aequidens (Matthew, 1915, p. 47). 

D. transiens (Matthew, 1915, p. 47). 

D. platypus Matthew, 1915, p. 63. 

D. krausei Gunnell and Gingerich, 1991, p. 150. 
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Protopsalis Cope, 1880, p. 745. 

P. tigrinus Cope, 1880, p. 745. 

Patriofelis Leidy 1870, p. 11. 

P. ulta Leidy 1870, p. 11. 

P. ferox (Marsh, 1872, p. 202). 

P. latidens (Marsh, 1872, p. 203). 

P. coloradensis Matthew (in Osborn, 1909b), p. 96. 

P. compressus Denison, 1938, p. 173. 

Prolaena Xu, Yan, Zhou, Han & Zhang, 1979, p. 425. 

P. parva Xu, Yan, Zhou, Han, & Zhang, 1979, p. 425. 

Sarkastodon Granger, 1938, p. 1. 

S. mongoliensis Granger, 1938. p. 1. 

S. hunanensis Tong & Lei, 1986, p. 213. 

Ambloctoninae 

Dipsalodon Jepsen, 1930, p. 524. 

D. matthewi Jepson, 1930, p. 524. 

D. churchillorum Rose, 1981, p. 111. 

Palaeonictis de Blainville, 1842, p. 79. 

P. gigantea de Blainville, 1842, p. 79. 

P. occidentalis Osborn, 1892, p. 104. 

P. peloria Rose, 1981, p. 113. 
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P. sp. Gingerich, 1989, p. 33. 

Ambloctonus Cope, 1875, p. 7. 

A. sinosus Cope, 1875, p. 8. 

A. priscus Matthew, 1915, p. 60. 

A. hyaenoides Matthew, 1915, p. 61. 

A. major Denison, 1938, p. 176. 

Dormaalodon Lange-Badre, 1987, p. 831. 

D. woutersi Lange-Badre, 1987, p. 831. 
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