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Permo-Carboniferous Paleoecology and Morphotypic Series
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SYNOPSIS. The genera of primitive and synapsid reptiles which form the usual morphotypic
series leading to cynodonts are not members of a phyletic series. Ecological analyses show
three developing evolutionary lines during the Permo-Carboniferous—one lowland, living
on deltas and in swamps; a second somewhat more upland; and a third distinctly upland.
The members of these three lines are the source of the morphotypic genera, but most of
them come from deposits formed in lowlands where they came by successive invasions from
moreupland habitats. Evidence of the upland lines comes from these lowland sites, from
invading animals, and from those introduced by mechanical transport from their upland
habitats.

The brain cases and masticatory structures ofthe members of the morphotypic series—
Hylonomus, Haptodus, Varanosaurus, Ophiacodon, Dimetrodon, Eolitanosuchus, Scymnognathus,
Lycosuchus, Thrinaxodon—are examined in light of the ecological interpretations. Deformed
coordinates applied to the lateral aspects of the skulls of the genera show clearly that the
morphotypes do not provide a coherent evolutionary series. The "trends" of evolutionary
change from Hylonomus to Thrinaxodon can best be seen if these two and Haptodus are used as
an evolutionary series, the stages that are missing interpolated, and the roles ofthe other
genera evaluated on the basis of this more or less idealized, conceptual series.

Collections amassed over more than 100
years of work in North America, Europe,
and Africa have resulted in excellent sam-
ples of terrestrial vertebrates from the
Middle Pennsylvanian through the Per-
mian and Triassic. The specimens of these
assemblages have provided the genera and
species employed in constructions of many
phyletic lines of fish, amphibians, and rep-
tiles. The most extensive studies have in-
volved series passing from the most primi-
tive reptiles to therapsids and finally to
mammals. These form the subject matter of
this paper.

The collections also have been studied to
determine the faunal compositions of the
times and as a source of clues to their
ecologies. This aspect of the study has been
more restricted, being intense primarily in
the Late Pennsylvanian and the first two-
thirds of the Permian. For the Early Per-
mian in particular the nature of faunal
evolution, or more broadly, community
evolution, has been analyzed (Olson, 1952,

The drawings in the paper have been prepared by
Ms. Kate Bezy and technical assistance has come from
Mr. Rick Lassen. The work was supported by the Na-
tional Science Foundation, grant GB31283 X.

1958, 1966). Combination of studies of
phyletic lines and the ecological roles of
their constituents has made it possible to
gain some idea of the relationship of what
appears to be a progressive series of
changes portrayed by successive members
of the lines and the adaptations of these
members to special aspects of the ecosys-
tems of which they are a part.

Few, if any, of the genera which form
these phyletic series are in fact actual mem-
bers of the evolutionary sequences which
they are used to depict. They form what we
will call in this paper a morphotypic series.
The series consist of species, genera, or
more inclusive categorical units. The actual
organisms upon which the series are based
represent in sequence the many species of
approximately equal evolutionary grades
which constitute each of the levels of the
series. From them a sequence of mor-
phological stages is formed portraying the
general course of evolution between the
end points of the series.

The several species at each grade level
tend to exist over a fairly wide range of
habitats and to differ substantially in physi-
cal adaptations and behavior. From among
them come the members of the succeeding
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372 EVERETT C. OLSON

level. The characteristics of the evolution-
arily successful species are those which
come to characterize the derived level. The
extent to which known members of a grade
approach the actual members of the line of
descent is largely a function of the degree
of similarity of the habitats of the known
members and the successful species.

The special goals of this paper, utilizing
the sorts of data and concepts outlined in
the preceding paragraphs, are several.
First, an effort will be made to set the
known faunal complexes in their ecological
milieu and to indicate their relationships to
the lines of developing chronofaunas from
which they have come. Second, the mem-
bers of the captorhinomorph—pel-
ycosaur—therapsid sequence will be
viewed in ecological and adaptive contexts
in an effort to evaluate them with regard to
the main thrust of the evolution which cul-
minated in the cynodonts.

Within this second context it will be ar-
gued that evolution from the most primi-
tive to the most advanced members of the
series took place in environments different
from those in which the known representa-
tives lived. Attention will be focused upon
the brain case and the broad aspects of the
masticatory system. Both regions have
figured prominently in assessments of
progressive changes. Similar studies, of
course, are possible for other parts of the
skeleton and a full adaptive analysis of any
particular genus should include all availa-
ble data. Such analyses are not our basic
aim.

A third matter is the question of the paths
of evolution of the reptiles from their aqua-
tic ancestry to fully terrestrial animals such
as the cynodont Thrinaxodon. It has been
argued that this path followed a slow transi-
tion from water to land, with fully terres-
trial life attained long after the basic reptil-
ian morphology and physiology had come
into existence. The fact that many early
reptiles have aquatic adaptations provides
supporting data. On the contrary, however,
it has also been argued that reptiles became
terrestrial very early, concurrently with the
attainment of reptilian status, and rapidly
exploited terrestrial habitats. The second
alternative is supported in this paper and

the reasons for support are developed in
the following text.

TEMPORAL AND SPATIAL DISTRIBUTIONS OF THE
SAMPLES

The chart in Figure 1 shows the general
distribution of beds which have produced
samples adequate for some degree of
faunal analysis. More detailed accounts of
distributions can be found in Milner and
Panchen (1973), Olson (1958, 1962), Olson
and Vaughn (1970), and Romer (1928,
1935). The Pennsylvanian localities are
widely spaced temporally and do not pro-
vide great continuity. In them two major
ecological types can be recognized: (i)
strictly aquatic sites formed in lakes, ponds,
and swamps; (ii) semiaquatic sites including
both terrestrial and aquatic elements. The
Missourian assemblage from near Salida,
Colorado, described by Vaughn (1969a,
1972) and the Oakwood or Vermillion
County site of Illinois (see for example, Ol-
son, 1946) are examples of the second
types. The more common, aquatic type is
represented by the well-know Linton,
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FIG. 1. Localities of the Permocarboniferous which
have produced terrestrial vertebrates. Based on the
Standard Section of North America. PEI, Prince Ed-
ward Island.
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MORPHOTYPIC SERIES 375

terrestrial life. Some have superimposed
aquatic adaptations on this basic structure.
The Newton site, described by DeMar
(1970), is an example. Such sites are inter-
preted, as shown by the line from the early
Caseid Chronofaunal line to the Permo-
Carboniferous line, as having been formed
by the addition of terrestrial elements to the
old, aquatic complexes of the very early
Pennsylvanian. This complex carried
through the Early Permian into the begin-
ning of the Late Permian.

The second bifurcation, at Y, is indicated
by the presence of "advanced" forms,
primitive therapsids, in the San Angelo
Formation of Texas, in the base of the
Upper Permian. These remains give clear
evidence that the time of the division was
not later than late Early Permian, for, of
course, it had to pre-date the first appear-
ance of therapsids.

In this instance, as well as in others, new
elements appear abruptly, without
sufficient time for their evolution between
the last occurrence of an old chronofauna
and the first appearance of a new one, that
in which the new elements appear. The new
elements did not evolve from members of
the preceding chronofauna. It is evident in
this case, as in many others, that there was
considerable evolution for which there is no
record in the sequence of chronofaunas.
Erratics, from place to place, may give some
evidence of the development of new types.
In the present instance, they have not, to
the present time.

The dashed line in Figure 2, leading
from the caseid line to the more advanced
theriodont line, reverses the usual trend of
movement from upland to lowland. It is
based upon the presence of a
Watongia gorgonopsian (Olson, 1974) in the
low-land offshoot of the Caseid
Chronofauna in the Upper Permian Chic-
kasha Formation of Oklahoma. Gorgonop-
sians are very clearly a component of the
theriodont line, but their source may lie in
the Caseid Chronofauna. There is no evi-
dence that this was the case for other
theriodonts, although it almost certainly
was the case that they arose from early
components of this line.

Possible gorgonopsians are also present
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FIG. 3. A simplification of Figure 2 showing main
events. 1, Aquatic faunas from the Early Pennsylva-
nian; 2, adaptive shift of lowland terrestrial elements
into aquatic environments characterised by elements
in 1 a; 3, faunal elements of dry part of delta of Per-
mian of Oklahoma and Texas; 4, captorhinids from
upland source penetrated into Permo-Carboniferous
Chronofauna; 5, Cotylorhynchus caseids in area of
Permo-Carboniferous Chronofauna, probably drifted
in; 6, San Angelo assemblage, Upper Permian of
Texas; 7, Caseid Chronofauna near evaporite basin
sea in Oklahoma.

in the San Angelo, but their source and
exact nature is most uncertain. They are
well developed as part of later theriodont
chronofaunas and occur in erratics in the
Zone II, in the Upper Permian deposits at
Isheevo in the Soviet Union. Eotitanosuchus
from Ocher, Zone I of the Russian Upper
Permian, is a gorgonopsian-like animal and
Phthinosuchus and Phthinosaurus have been
considered gorgonopsian.

Except for Watongia, the Chickasha gor-
gonopsian, no specimens that can be as-
signed to the family Gorgonopsidae can be
shown to have inhabited lowland, near-
shore deposits prior to the time of the
Tapinocephalus-Endothiodon zonal com-
plex of South Africa. The dashed line, cited
above, represents the transfer of gor-
gonopsians from their probable source in
the Caseid Chronofauna to the more up-
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376 EVERETT C. OLSON

land circumstances of the theriodont line.
The persistence of the Caseid Chrono-

faunal line into the lower part of the Upper
Permian, as shown in Figure 2, is based on
the presence of Ennatosaurus, a caseid, in
Russia. No associated fauna is known, but
the deposits suggest intermediate, upland
circumstances of depositions, much like
those postulated for the unknown parts of
the Caseid Chronofauna.

Figure 3 is a simplification of Figure 2
which brings out the general interpretation
with details omitted. The sequence is
briefly as follows. From aquatic faunas of
the late Mississippian there arose, probably
very early in the Pennsylvanian, a terres-
trial radiation of reptiles and amphibians.
The aquatic faunas (1 on Fig. 3) continued
on evolving and gradually producing some
semi-aquatic tetrapods. In the later part of
the Pennsylvanian, the terrestrial elements
underwent an adaptive shift into the zone
of the aquatic faunas (number 2 in Fig. 3).
Its members became adapted to feeding
upon aquatic faunas, either as basic fish
feeders, ophiacodonts, or as predators on
large prey—amphibians, other reptiles,
and fish. The sphenacodonts took on this
latter role. Some few large herbivores de-
veloped among the reptiles, Edaphosaurus
for example, but these were closely tied to
aquatic life and were not a numerically im-
portant part of the combined faunas. From
reptile-like amphibian sources arose par-
tially terrestrial forms such as diadectids
and seymouriamorphs.

This compound semi-aquatic complex,
which we have called the Permo-
Carboniferous Chronofauna, lasted
through the Early Permian and a few rem-
nants went into the Late Permian. During
the latter part of the Early Permian some-
what drier conditions developed over the
sample area (number 3 on Fig. 3). With this
began an extensive radiation of terrestrial
captorhinids. By late in the Early Permian
this radiation had added an important food
source for terrestrial predators. Terrestrial
plants and small animals that fed upon
them probably formed the main diet for the
captorhinids. Large members of the cap-
torhinid radiation, developing outside of
the sample area, became incorporated into

the Permo-Carboniferous Chronofauna
(number 4 on Fig. 3). The potential for a
strong shift in the chronofauna, with mod-
ification of its basic trophic structure came
with this added increment. As far as can be
told this shift, involving much greater utili-
zation of strictly terrestrial resources, did
not take place.

During the late part of the Early Permian
in Oklahoma, a second increment came
into the lowland margins of the evaporite
basin, the caseid Cotylorhynchus (number 5
on Fig. 3). Whether this was a migratory
introgression or merely a rafting
phenomenon is uncertain. The most likely
explanation is that large carcasses were
floated in and that these caseids, like those
elsewhere in the Early Permian, where they
occur as erratics, were not part of the
Permo-Carboniferous Chronofauna as
such.

In the base of the Upper Permian of
North America, the complex San Angelo
assemblage appears (number 6 on Fig. 3). It
has a few elements from the Permo-
Carboniferous Chronofauna, principally
Dimetrodon, but it is basically composed of
members of the Caseid Chronofauna. It
has in addition an increment, probably
washed in, from the theriodont line, un-
known prior to this time.

In Oklahoma, apparently living near the
margin of the evaporite seas, is a coherent
assemblage of the Caseid Chronofauna
(number 7 on Fig. 3). One specimen, of the
amphibian Diplocaulus, suggests that ele-
ments of the Permo-Carboniferous
Chronofauna still existed. This typical
member of the drier phases of this
chronofauna appears to have been washed
in, for it is a single specimen in a stream
channel and no traces have been found
elsewhere throughout the deposits.

The theriodont is shown with branches
passing to the low, wet environments. This
is based on the Permian deposits of the
Soviet Union, at Ocher and Isheevo in par-
ticular, and on the interpretations of Hot-
ton (1970) that the Tapinocephalus, En-
dothiodon, and Cistecephalus Zones contained
faunas which lived in the lowlands in the
vicinities of large bodies of water. Finally,
Thrinaxodon is shown as somewhat upland,
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MORPHOTVPIC SERIES 377

which its morphology certainly suggests, al-
though the environmental circumstances in
which it occurs are equivocal.

PRIMITIVE REPTILES TO CYNODONTS

General statement

The course of evolution from primitive
reptiles to cynodonts and eventually to
mammals has been studied for many years.
The representatives of the morphological
stages have come from the chronofaunas
and the environments discussed briefly in
the preceding pages. The generally ac-
cepted sequence of descent is as follows:

Captorhinomorpha, primitive reptiles
Ophiacodontia, primitive pelycosaurs
(Synapsida)
Sphenacodontia, advanced pelycosaurs
(Synapsida)
Deinocephalia, primitive, carnivorous
forms (Eotheriodonta:Synapsida)
Gorgonopsia or Therocephalia, inter-
mediate therapsids (Synapsida)
Cynodontia, intermediate to advanced
therapsids (Synapsida)

Representative skeletons are illustrated in
Figures 4 and 5.

As noted above it is well known that the
best-known representatives of these stages
are not truly ancestral one to the other.
Much of the morphological detail upon
which the evolutionary changes have been
established have come from rather
specialized, end members of the several
groups. Primitive members, if known at all,
are generally too incomplete to provide
more than very general information. Of the
illustrated series, Hylonomus, a very primi-
tive captorhinomorph, and Thrinaxodon, an
intermediate cynodont, appear to lie quite
close to the actual phyletic line. The latter
has yielded a great deal of detailed infor-
mation. Hylonomus, with the skull based on a
restoration, has provided much less, and
many of the details concerning the cap-
torhinomorphs have come from more ad-
vanced genera such as Captorhinus. Hap-
todus probably is not far off of the general
phyletic line, but once again the amount of
detailed information it supplies is limited.

FIG. 4. Medial view of sagital sections of brain cases
of members of the morphotypic series. A, Captorhinus;
B, Dimetrodon; C, Gorgonopsian; D, Gorgonopsian; E,
Therocephalian; F, Cynodont. (A, After Price, 1935;
B, after Romer and Price 1940; D through F, after
Olson, 1944). Abbreviations: AVSC, anterior vertical
semicircular canal; B, BO, basioccipital; BPT, basip-
terygoid process; BS, basisphenoid; CC, carotid canal;
CON, occipital condyle; DS, dorsum sellae; DSO,
dermosupraoccipital; E, opening of endolymphatic
canal; EX, exoccipital; F MET, metotic fissure; FOSS,
F SA, subarcuate fossa; FO FL, floccular fossa; F OV,
fenestra ovalis; HSC, horizontal semicircular canal;
IAM, internal auditory meatus; IC, canal for internal
carotid artery; IPA, interparietal; I PRO, prootic inci-
sure; P, PA, parietal; PAS, PS, parasphenoid; PAD,
anterior dorsal process; PAV, anterior ventral pro-
cess; PER, periotic; SO, supraoccipital; ST, sella tur-
cica; V, vein; UZ, unossified zone; VII, opening for
Vllth cranial nerve; XII, opening for Xllth cranial
nerve.

A common way of viewing the transition
from primitive reptiles to therapsids, as
noted in the introduction, is that it repre-
sents a continuing shift from aquatic to ter-
restrial environments, with full emancipa-
tion from the water coming rather late in
the sequence. Under this interpretation
members of the specified sequence of mor-
photypes may be considered to approxi-
mate a true evolutionary sequence as far as
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FIG. 5. Deformed coordinates based on rectangular
grid on Hylonomus, for six skulls of morphotypic series
as indicated. Varanosaurus not included (see Fig. 6).
Scale as indicated by profiles. Hylonomus after Carroll,
1969; Varanosaurus [see Fig. 6], Haptodus, Dimetrodon,
Ophiacodon after Romer and Price, 1940;
Eotitanosuchus after Sigogneau and Tchudinov, 1972;
Lychosuchus and Scymnognathus after Romer, 1956;
Thrinaxodon after Brink, 1956.)

ecology is concerned. Morphological struc-
tures and habits probably would depart
only moderately from those of the actual
members of the evolutionary sequence.
Thus, general trends of development
should be evident in the "unspecialized"
features and these should be easily sepa-
rated from the specializations. In most re-
constructions of particular structures in the
series—changes in structure of the middle
ear, analyses of locomotor changes, mod-
ifications of the brain case, or analyses of
alterations of masticatory structure and
function—this concept has been basic and it
has yielded significant results. Problems of
interpretation do occur, for example, in the
case of the middle ear. These may be due in
part to the fact that the morphotypes are
rather farther from the main line of de-
velopment than has been recognized.

The ecological interpretations set forth
in the first section of this paper bear upon
this matter and argue against the idea of
slow transition from water to terrestrial life.
Carroll (1969), Carroll and Baird (1972),
and Panchen (1966) are among recent stu-
dents who have suggested that the transi-
tion to land was rapid among the very early
reptiles. Hotton (1970) also implies this in
his analysis of the late Mississtppian amphib-
ian Mauchunkia. The evidence of later
events cited in this paper are in accord with
these interpretations. The samples from
which the morphotypes have come, viewed
under the hypothesis that emancipation
from water was rapid and early, are far
removed ecologically and behaviorally
from the animals involved in the "progres-
sive" evolution from the primitive reptiles
to therapsids. In the course of invading and
adapting to lowlands, characterized by
streams, lakes, and swamps, the offshoots
of the successive levels may be presumed to
have undergone considerable morphologi-
cal change.

The "progressive" changes in the path-
way to cynodonts may be those developed
in the course of continuing adaptation to
drier and topographically more varied
conditions than those found in the low-
lands. This involved among other things
exploitation of terrestrial food resources by
terrestrial herbivores. The initial source
may have been among small invertebrates
and then later herbivorous vertebrates
came to play an important role. Progressive
changes in carnivores presumably involved
changes in mechanisms of food procure-
ment and preparation as potential prey
changed. Increased activity probably ac-
companied these modifications.

Such progressive changes, occurring as
they do in different lines of related animals
(see Olson, 1944, 1959; Brink, 1956) seem
to be a general adaptive response to some
central, key modification which by its de-
velopment provided a focal point for a wide
range of similar adaptations in different
groups. Developing endothermy has been
suggested as a logical key adaptation, re-
lated to increasing activity and more
efficient food procurement. Hopson (1973)
has explored the matter of endothermy
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and the origin of mammals in some detail
and his conclusions in general fit the con-
cept of early development of endothermy.

The primary adaptations developed by
these progressive changes probably form
the basic habitus upon which the specializa-
tions of the offshoots of the developing
stocks are superimposed. As these
offshoots invaded the wetter lowlands the
basic adaptive features would have tended
to become masked. This interpretation
probably is more or less correct. It certainly
is much oversimplified. A major complica-
tion comes from the fact, evident from
modern studies of speciation, that the "suc-
cessful" species of the "main line" were'
those that most effectively utilized the avail-
able resources of their terrestrial ecosys-
tem. No intrinsically progressive evolution
is built into this process; rather, the species
lines probably followed a "zig-zag," oppor-
tunistic course as compared with the pre-
sumed course of steady progressive
change. The latter, of course, become real
only when the pathway is viewed in retro-
spect and the specializations and adapta-
tions of the moment are cast as trends when
some end point, superficially goal-like, has
been reached.

Much the same argument, of course,
must apply to the evolution of the lowland
species. But these are the species (or gen-
era) in which the "progressive" changes are
actually seen and then transferred to the
little known or unknown "main line." Such
a transfer may be legitimate, on the basis of
the supposition that the lowland animals do
reflect the progressive trends of the
"ironed-out" line of the uplands. Difficulty
in application, however, is further aggra-
vated by the fact that in successive invasions
of the lowlands each stock has tended to
parallel the course of the stocks that made
the transition earlier. At its simplest, the
problem of sorting the various components
of change is extremely complex and in-
tractable.

If the hypothesis of evolution elaborated
here is correct, careful, detailed and specif-
ic analysis of any form which is being used
as a morphotype is essential. Its environ-
ment and special adaptations must be
evaluated. Ecological analysis becomes a

fundamental aspect of morphological
evaluation.

In the following section the morphotypes
of the captorhinomorph-cynodont series
are arranged in sequence and examined as
representative of a phyletic line. Brain cases
and the skulls and jaws in lateral aspect will
be used in illustration. Many of the prob-
lems of analysis noted above will become
evident and ways of correcting them are
suggested. Because this series has been
used in drawing various evolutionary in-
ferences, its suitability for this purpose will
be kept in the forefront throughout.

The brain case

The posterior part of the brain case is
well preserved in a number of members of
the Captorhinomorpha and Synapsida.
The structure is usually considered to be
stable and one which presumably should
reflect a fairly steady, conservative series of
progressive changes. In Figure 4 midline
views of the brain cases of six specimens—
Captorhinus, Dimetrodon, two gorgonop-
sians, a pristerognathid therocephalian,
and Thrinaxodon—are shown.

The general morphology is similar
throughout, but a great deal of variation
somewhat masks the common ground plan.
The posterior part of the brain cases has
several functions in addition to its role in
housing and protecting the brain. It houses
the structures of the inner ear and carries
the passage from the inner to the middle
ear, forming an abutment for the foot of
the stapes. It transmits nerves, veins, and
arteries; externally it serves as an area for
origin of some of the adductor and
pterygoid muscles of the jaw. The plasticity
indicated in its wide variation probably re-
lates to the multiple impacts of changes in
all of the involved systems.

If a few points in the morphotypic series
are selected, what appears to be a reason-
able, progressive change emerges. The
Captorhinus-therocephaYian-Thrinaxodon
series shows a number of "trends," e.g., ap-
pearance of a deep floccular fossa, thinning
of the basicranium, increase in the area of
the otic wall of the brain case, and reduction
in the size of the sella turcica. When, how-
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ever,Dimetrodon and the gorgonopsians are
added, this sequence of changes in large
part vanishes, with the deepening of the
floccular fossa the only consistent advanced
feature. In Dimetrodon and the gorgonop-
sians, for example, the basicranium is deep
and the sella turcica is large. Disturbing is
the fact that the apparent variation in the
side wall of the brain case between the two
gorgonopsians is of the same order of mag-
nitude as that between Captorhinus and
Thrinaxodon. The deep basisphenoid and
large sella turcica occur elsewhere within the
reptiles, among some deinocephalians and,
at a great taxonomic distance, in some arch-
osaurs, thecodonts, crocodilians, and dino-
saurs. It is in general associated with large
size and strongly developed jaws of the
kinetic-inertial type.

Several interpretations may be used to
explain this lack of sequence in modifica-
tion of the brain case in the
captorhinomorph-cynodont series: (i) It
may be that the advanced sphenacodonts
and gorgonopsians form a very distinct line
which branched off from the line leading to
cynodonts; (ii) it may be that evolution in
fact went through the stages indicated,
changing its course several times; (iii) it may
be that each of the genera is characterized
chiefly by adaptations to its own environ-
ment and way of life and that these adapta-
tions override and obscure more general,
progressive changes.

Each explanation has some points in its
favor. The gorgonopsians do appear to
form a distinct line. If the basicranial condi-
tion becomes known in the very primitive
gorgonopsians it will be possible to deter-
mine whether the common condition in
gorgonipsids and advanced sphenacodonts
was passed from the latter to the former or
was developed independently in the two.

If the morphotypic series is fairly rep-
resentative of the phyletic series, as the
hypothesis of gradual transition from land
to water implies, then the changes in
evolutionary directions would appear to
have occurred. The presence of the deep
basicranial axis under the brain case in
some of the large deinocephalians argues in
this direction. This pattern of reversal of
direction, of course, does not imply only a

direct line through progressively less aqua-
tic forms, for it may be a reflection of events
taking place in a more upland series.

The ecological analysis outlined in the
first section of this paper suggests the third
interpretation, but does not do more than
this. The problem, of course, is that final
answers cannot come from morphological
studies of the specimens now known. All
that can be said is that a regular series of
changes from the primitive to advanced
forms is not seen in the brain case and as-
sociated structures. The reasons require
careful study. Under the ecological in-
terpretation presented here the mor-
photypes may be considered as far re-
moved from the main pulse of progressive
development. The irregularities seem best
explained as a result of masking of any such
changes as may have existed by modifica-
tions in response to local environmental
conditions.

The masticatory complex

A number of excellent analyses of mod-
ifications of the masticatory mechanisms
using the members of the series treated in
this paper have been made in recent times,
among them the work of Barghusen (1968)
and DeMar and Barghusen (1971). The
procedures used are legitimate and useful
and the results are valid within the limits of
the materials available. For such work,
which requires detailed anatomical data, it
is necessary to use the best preserved and
most abundant material. This imposes con-
straints. Rarely are the more primitive rep-
resentatives of groups well preserved, and
it is the specialized end members that must
be used. For example, among the cap-
torhinomorphs much of the detail comes
from the Permian genus Captorhinus, and
among the sphenacodonts from the abun-
dant but specialized Dimetrodon.

In the following, the probable positions
of some members of the series relative to
the evolutionary course from cap-
torhinomorphs to cynodonts will be
examined with respect to the masticatory
complex and related structures in the light
of the ecological analysis.
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Materials and methods.

The analyses are made by use of de-
formed coordinates superimposed upon a
series of skulls viewed in lateral aspect. This
gives a gross analysis of change of form.
The coordinates merely emphasize
changes which can be seen less readily
without their use. Most of the changes seen
relate rather directly to feeding, although
modifications of the organs of special sense
also are evident. The use of deformed
coordinates is partly an art, for the skull is a
totally plastic system without rational fixed
points. They are useful for approximation
of gross changes, but the results clearly de-
pend upon the operator and what he
chooses to regard as important landmarks.

In the present study a rectangular grid
has been superimposed upon the lateral
aspect of the skull of the primitive cap-
torhinomorph Hylonomus. All distortion
grids are based on modifications of this pat-
tern. In Hylonomus a vertical line passes
roughly through the center of the orbit and
also divides the skull into an anterior and
posterior half. A horizontal line slightly
above the midline of the orbit makes a simi-
lar dorso-ventral division. The shift of the
intersection of these two can be followed
throughout the series.

The orbit, because of this central posi-
tion, tends to become a focal point and the
positions of the coordinates through it have
been approximately maintained. While
useful as a reference, the orbit does change
its relative size materially and this inevitably
affects the other coordinates. For all these
shortcomings, the deformed grid system
does show much of interest and can, in an
instant, provide important indications of
the general course of changes.

Skulls of nine genera have been used.
They have been selected for several
reasons. First of all they are among the rela-
tively few representatives that give
sufficient detail to be useful. Among those
available they represent the genera closest
to the presumed evolutionary series. Also
they include for the most part genera that
have been used in various analyses of the
changes with which we are concerned.

The genera are as follows (see Fig. 5):
Hylonomus. A very primitive cap-

torhinomorph. Skull based on reconstruc-
tion from fragmentary materials. Pennsyl-
vanian. U.S.A.

Varanosaurus: A primitive ophiacodont
pelycosaur. Somewhat late in time of oc-
currence, being from the Arroyo Forma-
tion of the Clear Fork, Lower Permian.
U.S.A.

Ophiacodon. An advanced, specialized
ophiacodont pelycosaur. It antedates Var-
anosaurus in time of occurrence. From the
Wichita Group, Lower Permian. U.S.A.

Haptodus: A primitive sphenacodont
pelycosaur. Reconstruction is somewhat in-
terpretive, and less exact than desirable.
Late Pennsylvanian—Early Permian.
Europe and U.S.A.

Dimetrodon: An advanced sphenacodont
pelycosaur. Much the best known represen-
tative of the group. Early Permian. U.S.A.

Eotitanosuchus. An eotheriodont therap-
sid. Among the most primitive of the
therapsids. Close to eotitanosuchids but
also with gorgonopsid features. Lower jaw
unknown, reconstructed in figures. Early
Late Permian. U.S.S.R.

Scymnognathus. An intermediate gor-
gonopsian with well-developed gorgonop-
sine features. Late Permian (Middle Per-
mian by some). South Africa.

Lycosuchus. A pristerognathid therocephal-
ian. Late Permian (Middle Permian by
some). South Africa.

Thrinaxodon: An intermediate cynodont.
Central in the phylum leading to mammals.
Early Triassic. South Africa.

The skulls with deformed coordinates
superimposed are shown in Figure 5. They
are arranged in phylogenetic sequence.
The large scale differences are indicated by
the insets.

General interpretations

The coordinates give a ready basis for
estimating general differences in propor-
tions. The skulls of the series, although they
form an evolutionary series as good as can
be devised, do not show an orderly progres-
sion of change in shape from primitive to
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advanced. At best there is general consis-
tency in enlargement of the preorbital,
maxillary part of the facial area. For the
most part individual specializations seem to
override any general trends that there may
be. Origin and enlargement of the tem-
poral fossa occur and are important trends.
Changes in the temporal area are indicated
by the coordinates but they do not relate
directly to the fossa. Indirectly, accompany-
ing changes in muscle masses and areas of
origin of muscles are reflected in the coor-
dinates. What seems to emerge is a change
of pattern in which there are some very
general and rather vague "progressive"
modifications upon which are superim-
posed widely differing modifications of de-
tail. To test how real this interpretation is
and what factors are involved, it is neces-
sary to look at the morphology and envi-
ronment at each of the stages in the series.

More detailed analyses

Captorhinomorpha. Most of the detailed
knowledge of the Captorhinomorpha has
come from advanced forms such as Cap-
torhinns. Now, thanks to the work of Carroll
(1969) and Carroll and Baird (1972), con-
siderable knowledge on the external
characters of the skulls in primitive genera
is available. Thus, we may take as a starting
point the primitive genus Hylonomus. The
structure of the postcranium suggests that
this was a highly developed terrestrial ani-
mal. It appears to have been fully emanci-
pated from life in the water and probably
found its food on land. Throughout their
history captorhinomorphs maintained a
terrestrial way of life.

Ophiacodonta. Ophiacodonts are gener-
ally considered to be primitive pelycosaurs,
more or less intermediate between cap-
torhinomorphs and sphenacodonts.
Romer and Price (1940) recognized eight
genera and several have been described
since. Usually the term ophiacodont calls to
mind the large, somewhat aquatic members
of the group. Most very primitive
pelycosaurs, however, are loosely placed in
the same suborder. Most of these are small-
er and more terrestrial. Romer and Price
erected the family Eothyrididae to ac-

commodate a number of them. These are
short faced forms with somewhat differen-
tiated maxillary dentitions. Other genera,
not very close to the eothyridids, are also
placed in the Ophiacodonta, but some of
them are rather edaphosaurian in struc-
ture. None of these small forms seem to be
truly primitive pelycosaurs intermediate
between captorhinomorphs and sphen-
codonts.

Among the ophiacodonts, Varanosaurus
appears to be quite primitive, but it is from
rather later in the Permian. Some Pennsyl-
vanian forms, known from scraps may be
more primitive, but where much detail is
known, the pathway to aquatic specializa-
tions of the ophiacodontids seems to have
already been well established (see, for
example, Reisz, 1972).

The genus most commonly used in
phyletic series is Ophiacodon. Figure 6 shows
the sequence Hylonomus, Varanosaurus, and
Ophiacodon. Only moderate modifications
are evident from Hylonomus to Var-
anosaurus. The facial region of the latter is
more elongate, the postorbital area is re-
duced, and the suspensorium has become
slanted posteriorly from the top to the base.
The tooth row is extended strongly to the
posterior. A temporal opening, the
hallmark of synapsids, has appeared and a
marked increase in size is evident.

The change in size undoubtedly was ac-
companied by dietary modification.
Hylonomus probably fed on small terrestrial
to possibly marginally aquatic inverte-
brates, falling in the general category of
"insectivore." Both the skull and skeleton of
Varanosaurus suggest that it was primarily a
fish feeder, but without more knowledge of
its probable habits and associations than we
have, such a conclusion is dangerous. At
least it was a carnivore in the very broad
sense, taking much larger prey than did
Hylonomus.

Ophiacodon is a still larger animal,
measuring up to several feet in length. It
occurs in association with aquatic verte-
brates and certainly found its prey among
moderately large fish and amphibians in
the swamps, lakes and streams of the low-
land deltas of the Late Pennsylvanian and
Early Permian. With the trend to drier cli-
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Hylonomus

Varanosaurus

FIG. 6. Deformed coordinates based on rectangular
grid on Hylonomus, for skulls of Varanosaurus and
Ophiacodon. Scale as indicated by skull profiles.

mates in the middle Early Permian this
genus disappeared. It is universally ac-
cepted as a reptile with strong aquatic adap-
tations.

The changes noted in the "transition"
from Hylonomus to Varanosaurus are similar
in kind to those between Hylonomus and
Ophiacodon. In the latter case, however, they
are more pronounced. Morphologically the
three make up a good series. The major
discrepancy relates to the orbit, which is
proportionately much smaller in Ophiaco-
don than in the other two. This is largely

reflected in the differences in direction of
flexure of the vertical, orbitally related
coordinates. In spite of all this, the postor-
bital region is more reduced and there is an
accentuation of the kinetic-inertial charac-
ter of the lower jaw, initiated in Var-
anosaurus. This is reflected in the longjaw,
the long tooth row, and in the deepened
posterior part of the ramus of the lower
jaw. As the deformation of the coordinates
indicate, the facial region is deepened and
the maxilla and lacrimal are elongated.

The sequence shown in Hylonomus, Var-
anosaurus, and Ophiacodon represents a
transition from terrestrial habits to semi-
aquatic or aquatic. At the same time some of
the smaller ophiacodonts, which show up in
more terrestrial parts of the record, were
maintaining terrestrial habits. While
exploiting the terrestrial resources of the
lowland deltas they were not, as far as can
be judged, trending toward more ad-
vanced, terrestrial predators. Some, as
suggested by Langston (1965) and Vaughn
(19696) may have been leading in the direc-
tion of the herbivorous, terrestrial caseids.
None that is known, however, fills this posi-
tion precisely.

Romer and Price (1940) stated that no
truly primitive pelycosaurs were known.
Recent studies (Reisz, 1972) have modified
this to some extent. Reisz has described
Middle Pennsylvanian forms intermediate
between primitive captorhinomorphs and
more advanced ophiacodonts. What slight
evidence there is suggests that these were
more terrestrial than the later ophiacodon-
tids, arguing, among other things, against
the ideas of gradual emergence of reptiles
from the water.

It has not been fully demonstrated on the
basis of captorhinomorphs and ophiacod-
onts alone that the aquatic condition of the
ophiacodonts is not primitive, although the
evidence seems strongly to the contrary. If
they are, of course, then Ophiacodon is a
fairly appropriate member of the phyletic
series in question. In this event the trends
seen to this point in the deformed coordi-
nates might be expected to continue in later
parts of the line.

Sphenacodontia-Eotheriodonta. The
Sphenacodontines are important members
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of this series. There are three
subfamilies—Haptodontinae, Varanop-
sinae, and Sphenacodontinae. Only the
first and last are pertinent to this discussion.

Haptodontines occur in the Pennsylva-
nian and Early Permian of Europe and
North America. They are the most primi-
tive sphenacodonts and the subfamily es-
sentially is a "wastebasket" for several
rather poorly known genera. Like all
sphenacodonts they have a reflected angu-
lar notch on the lower jaw. Sphenacodon-
tines are more advanced and one of them,
Dimetrodon, is generally used in mor-
photypic series because it is the best known.

Eotitanosuchus is a Russian genus from the
early Late Permian. It is sphenacodont-like
in many features, but shows definite
affinities with primitive therapsids which
can be grouped as eotheriodonts.

In Figure 7, Hylonomus, Haptodus, Dimet-
rodon, and Eotitanosuchus are shown with
deformed coordinates based on modifica-
tions of the rectangular grid of Hylonomus.
Haptodus shows only moderate distortion of
the grid pattern. The facial region shows
moderate elongation. A reduction of the
postorbital, adductor region has occurred
along with development of a temporal fos-
sa. The maxilla is increased in depth as is
the suborbital region. The depth of the
maxilla is attained by ventral extension
rather than by encroachment onto the fa-
cial area.

The changes to Haptodus are not similar
to those seen between Hylonomus and
ophiacodonts, as can be seen by compari-
sons in the full array of skulls in Figure 5.
The basic patterns are different and strong
reversals would be required were
ophiacodonts considered to be on the line
to sphenacodonts. The aquatic specializa-
tions found in ophiacodonts as early as
Middle Pennsylvanian in Archaeothyris
(Reisz, 1972) are not found in the most
primitive sphenacodonts.

Dimetrodon accentuates the patterns of
Haptodus. Because of its greater size some
aspects of the pattern may have become
exaggerated. The profile of the dorsal
margin forms a broad arc, the maxilla has
enlarged by extensive ventral growth and
the facial region is elongated, although less
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Hylonomus

FIG. 7. Deformed coordinates based on rectangular
grid on Hylonomus, for skulls of Haptodus, Dimetrodon
and Eotitanosuchus. Scale as indicated by skull profiles.

so than in ophiacodontids. Some elonga-
tion occurred in the postorbital, adductor
region, accompanied by a ventral flexure of
the whole area. This is incipient but not well
expressed in Haptodus. The maxillary-
premaxillary step along the toothrow is
greatly exaggerated.

Dimetrodon is adapted to subduing and
tearing apart large prey. Flesh was proba-
bly swallowed in large chunks. In all re-
spects it seems an excellent, large predaci-
ous carnivore. Oddly, as pointed out in var-
ious papers (Olson, 1961, 1966, 1971), it
was not associated with any abundant, large
terrestrial herbivores, but seems to have
found its food mainly among aquatic am-
phibians and fish. Early in its record it was
an inhabitant of low, swampy lands, but
later it lived under drier circumstances.
Late in the Early Permian an increment of
fairly large, captorhinid herbivores was
added to the potential terrestrial food
sources. How it was utilized is uncertain. In
any event, throughout these changes of
habitat and diet, Dimetrodon changed very
little morphologically.

Sphenacodon, which is very much like Di-
metrodon, but has shorter neural spines,
seems to have dwelt in somewhat drier,
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more upland areas. The genus is not known
after the early part of the Early Permian. It
was not an inhabitant of the lowland coastal
region as was Dimetrodon. With it were as-
sociated some small, terrestrial animals, but
like Dimetrodon its food must have been
among the large amphibians and fish, for
no other sources are known among its as-
sociates.

Haptodonts are known from only one
site in the North American Permian (Lewis
and Vaughn, 1965; Olson and Vaughn,
1970). In the Pennsylvanian, it is a member
of the more terrestrial phases of the faunas
(Vaughn, 19696). Several specimens are
known from Europe, but their ecological
situation is not clear. If, as seems probable,
Dimetrodon arose from a haptodontine base,
the changes shown in Figure 7 indicate the
sorts of modifications that took place in the
transition. These accompanied, it would
seem, a trend to great affiliation with low-
land circumstances and adaptations to
feeding in aquatic and semi-aquatic envi-
ronments.

It appears that Watongia, the unnamed
sphenacodont-like gorgonopsian from the
base of the Upper Permian in Oklahoma,
also arose from haptodontines. All other
known sphenacodontids are too
specialized. Sigogneau and Chudinov
(1972) have reiterated the idea that the
source of therapsids lay among the hap-
todontines, partly on geographic bases.
Thus, both in Europe and North America it
is necessary to postulate, as has been done
in this paper, a largely unknown, somewhat
inland chronofauna in which the descend-
ants of the haptodontines, not trending in
the directions of Dimetrodon and Sphenaco-
don, were present. Traces of this complex,
as we have seen, occur in the Early Permian
of northern New Mexico and southern
Colorado, in Texas in the Vale and Choza,
and in Oklahoma in the Hennessey and
Chickasha. Except for the last it is known
only from erratics.

Although Dimetrodon could have arisen
from Haptodus, the origin of the next stage,
represented by Eotitanosuchus, from Dimet-
rodon seems improbable. The postcranium
of Eotitanosuchus is unknown and the lower
jaw in the figure has been reconstructed.

Comparisons of the skulls of Dimetrodon
and Eotitanosuchus on the basis of their de-
parture from Hylonomus (Figure 7) show
notable differences, not to be expected in
direct lines of descent. In Eotitanosuchus the
maxilla has expanded broadly onto the fa-
cial region at the expense of other ele-
ments. It shows little ventral expansion.
The skull profile, although somewhat
arched anteriorly, is not curved posteriorly.
The postorbital region is strongly reduced.

These are features more strongly de-
veloped in the biarmosuchids, which ap-
pear to be closely related to Eotitanosuchus.
As shown in later figures and discussed in
the following section, the special features of
Eotitanosuchus are also not those to be ex-
pected in the ancestry of the gorgonopsians
and therocephalians.

In view of the condition in Eotitanosuchus,
it and Dimetrodon appear to have evolved in
somewhat different directions. Their ecol-
ogy is quite different, although both appear
to have lived in lowland areas. Chudinov
(1960) described the habitat of the Ocher
fauna from which Eotitanosuchus has come
as a lowland bog. This large, predaceous
carnivore was associated with an abundant
large, herbivorous deinocephalian Es-
temennosuchus. In contrast to Dimetrodon the
opportunity to feed upon large, terrestrial
herbivores was present and probably taken
advantage of. The same opportunity was
present for Dimetrodon late in its history, but
until the early Upper Permian no mor-
phological changes took place. Then, in as-
sociation with the large caseid herbivores, a
species of Dimetrodon with a long, low skull
developed, possibly a response to changing
dietary opportunities.

Figure 7 shows Hylonomus, Haptodus, and
Eotitanosuchus with superimposed coordi-
nates. As far as these three are concerned, a
pattern of consistent change can be de-
tected. Eotitanosuchus merely exaggerates
the modifications from Hylonomus to Hap-
todus, especially with respect to the enlarge-
ment of the maxillary part of the facial re-
gion. Both Dimetrodon and Eotitanosuchus are
logical morphological derivatives from Hap-
todus, but in this derivation they evolved in
somewhat different directions. Both appear
to be offshoots developed in adaptation to
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lowland conditions, but one in accompani-
ment with large, terrestrial herbivores and
the other in their absence.

Gorgonopsia-Therocephalia. These are
generally used as morphotypic stages be-
tween primitive therapsids and cynodonts.
Cynodont ancestry has been sought in each
line, but none of the known members of
each seem to fill this role well. Both groups
have extensive radiations and the
therocephalians, along with their probable
derivatives, the bauriamorphs, made many
advancements similar to those seen among
the cynodonts.

Both lines are primarily South African,
although the gorgonopsians have a good
representation in Russia in Inostrancevia.
The South African lines pose difficulties in
interpretations of their ecologies. Hotton
(1967) concluded that most or all of the
materials of the Tapinocephalus, En-
dothiodon, and Cistecephalus Zones were
rafted in. If this is correct, the deposits can
give little insight into the ecologies and the
associations must be considered questiona-
ble. Differences in the faunas of the three
zones may in part be time differences and
also undoubtedly reflect different ecologies
in the sources. About all that can be said is
that all of the assemblages appear to have
come from lowland habitat.

Both the gorgonopsians and therocepha-
lians are good intermediates between
eotheriodonts and cynodonts in the sense
of organizational grades. Both are too
specialized to be actual ancestors. Figure 8
shows Eotitanosuchus, Scymnognathus (gor-
gonopsian), and Lychosuchus (therocepha-
lian) with Thrinaxodon. As before, the de-
formed coordinates are based on the rec-
tangular grid of Hylonomus. Eotitanosuchus
has been considered close to the ancestry of
gorgonopsians (Olson, 1962; Sigogneau
and Chudinov, 1972). Now two things
argue against this position. One is the pre-
sence of the very primitive gorgonopsian in
Oklahoma, a specimen which shows fea-
tures, including the preparietal bone, not
present in Eotitanosuchus. The other is that
the patterns of deformed coordinates in-
cluding Eotitanosuchus and Scymnognathus
show these two to have taken quite different
evolutionary directions. This is particularly

Thr.ntwodor

FIG. 8. Deformed coordinates based on rectangular
grid on Hylonomus, for skulls of Eotitanosuchus, Scym-
nognathus, Lycosuchus and Thrinaxodon. Scale as indi-
cated by skull profiles.

the case in the postorbital adductor region,
which has become reduced in Eotitanosuchus
and expanded in Scymnognathus. Much the
same applies to the therocephalian,
Lycosuchus.

Both gorgonopsians and pristerognathid
therocephalians are inhabitants of lowlands
under Hotton's analysis. They occupied
somewhat different environments and are
not common associates. Just what these dif-
ferences were is difficult to say. Both were
capable of capturing, subduing, and tear-
ing apart large prey. The later therocepha-
lians swung away from this pattern, but it is
found in all the more primitive ones. Both
occur in association with abundant, terres-
trial reptilian herbivores. Beyond this it is
difficult to interpret the adaptations in
terms of habits, in the lack of adequate
knowledge of the physical aspects of their
environments.

What does seem clear, from the data and
cited figures, is that they were not, as we
know them from lowland environments,
derived from Eotitanosuchus and were not at
this stage showing any typical cynodont
specializations.

Cynodontia. Thrinaxodon (Fig. 8) is a mod-
erately advanced cynodont, but one gener-
ally considered close to the lineage leading
to mammals. More primitive are the pro-
cynosuchids, but even there the basic
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cynodont characteristics are well under way
to full expression. The cynodonts, in the
features covered by the deformed coordi-
nates of Thrinaxodon show many re-
semblances to both gorgonopsians and
therocephalians. A marked difference is
seen in the position of the jaw articulation,
but this could be considered a continuation
of a direction established in the other two
groups. The dentition, which except for its
length does not affect the patterns of coor-
dinates, is very different and the methods
of food preparation and procurement were
not at all the same. The facial regions of the
gorgonopsians and therocephalians are
much more elongated, probably in rela-
tionship to the marked dietary differences.
Also, of course, Thrinaxodon was a smaller
animal than the others figured. The major
differences are present irrespective of size.

What seems to be the case in the three
groups is that each has developed distinct
specializations from a common base, two of
the three, once again, in response to life in
the lowlands, feeding on large herbivores.
The other, the cynodont, appears to have
lived in more upland conditions, or, if it was
a lowland dweller, to have obtained its food
from a quite different source. It had de-
veloped the capacity for utilizing a wider
range of foodstuffs, probably insects and
small reptiles, and the ability to reduce the
food materially before swallowing. It prob-
ably is a fairly direct descendant of a largely
unknown, upland terrestrial line, but the
last datum point in this line isHatpodns. The
intermediates can be reconstructed only
from the lowland offshoots which we have
now considered.

SUMMARY AND DISCUSSION

The morphological series from cap-
torhinomorphs to cynodonts which has
been reviewed is made up in large part of
genera which are not even remotely ances-
tral to one another. This has long been rec-
ognized, but the current work, especially in
its ecological aspects, suggests that the dif-
ferences are more marked than has usually
been considered to be the case. Very differ-
ent adaptive types are present. Yet, looked
at broadly, without attention to details,

members of this morphotypic series do
seem to show discernable trends in evolu-
tion, changes in the facial region, changes
in the temporal fenestra and the adductor
region of the skull in general, modifications
of the lower jaws, shift in the jaw articula-
tion, and development of a deep floccular
fossa. Similar kinds of changes of a very
general sort took place in other parts of the
skull and skeleton as well. When adapta-
tions and more detailed character analyses
are made, however, the trends seem to be-
come blurred. In general, it appears that in
the available forms any general trends that
may in fact exist are heavily masked by spe-
cial adaptations and that at least some of the
apparently progressive changes are more
those related to somewhat parallel, re-
peated specializations. This, in a sense, is
how evolution progresses, but in the pres-
ent case the specializations are those to
environments which are not those where
the main evolutionary sequences which led
to the cynodonts were in progress.

Figure 9 shows the deformed coordinate
patterns for Haptodus and Thrinaxodon,
based on the grid of Hylonomus. Although
any triplet can readily produce a general
appearance of trends, these three have
some reliability in that they seem to be the
three forms which lie close to the phyletic
line in terms of their environments. Each of
these stages, of course, is adapted to par-
ticular conditions, but here the adaptations
are to increasingly upland environments
where progressive evolution towards
mammals appears to have been taking
place. With these three anchor points it is
possible to interpolate probable inter-
mediate stages, assuming that there was a
more or less steady progression. These un-
doubtedly "iron out" the irregularities of
the evolutionary advancement which were
inherent in the course of speciation from
which the sequence is abstracted.

To determine the reconstructed inter-
mediates properly, much more detail is re-
quired than that used in the paper. Once
this has been established, it should become
possible to evaluate better how far the suc-
cessive offshoots represented by the mor-
photypic series lie from the "main line" and
the nature of the special modifications. The
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FIG. 9. Deformed coordinates based on rectangular
grid on Hylonomus, for skulls of Haptodus and Thrinaxo-
don. Scale as indicated on skull profiles.

reliability of the evolutionary interpreta-
tions of trends in the sequence we have
studied should then become subject to
more precise interpretation.
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