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ABSTRACT

_ %

) Determining the higher level relationships of the
médern amphihianfefdeg/fGymnophioga (caecilians) poses a
number of methodglogical problems. A cladistic methodology is
out11ned by which the phylogenetic relatitonships of this
group can be determ&ped objective%y. Among the possible

sister groups analyzed, which include dissorophid

temnospondyls, alstopods, nectrideans 'lysorophoida,.

&

microsaurs, anurans and urodeles, the mizrosaurs of the

fa;TTTes Gymnarthridae and Goniorhynchidae are the most

Plausible’ sister group of caecilians, based on cranial

osteology. Hence, the three modern orders of amphibians,

’

L)

"monophyletic assemblage exclusive of all aqther groups.

» v 8 ’
Ingroup analysis indicates that the Ichthyophii&ae is the

mosa primitive. 1iving caecilian family. The cladistic

analyszs suggests that features of the untque jaw apparatus

define tﬁo groups of caecilians which diverged,

phylogenetically, early in the group's history., Morphometric

analysis reveals that elements of the jaw apparatus_compose a
functional suite of features. Aspects of the devalopment,
function, and significance of the jaw to miniaturization of

the caecilian qggti”nre inferred from the mozphometric

analysis. -

/

.caecilians, anurans and'utodgresf do not constitute a_,

~
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Les affinités phylogenetiques de 1l'ordre moderne des
amphibf&ns Gymnophiona (caeciliens) posent premi@rement les
probléqes méthodologiques. On pré&sente une m&thodologie par
laquelle on peut déterminer objectivement les affinités
phylogenetique des caecilians. Parmi des 'groupes-
fr3res'potentiels, y compris les Cemnosponéj}es disgorofhides,
les alstopodes, les nectrideans, les lysorophdides, le;
microsaurs, les anoures et les urodéles, les microsaurs de ies
familles Gymnarthridae et Goniorhynchidae sont le 'groupes-
fr?te‘ le plus plausible, selon les caracté&res du—cranes.
Alors.'les trois o}dres modernes des amphibiens- ne constituent
pas un groupe monophyletique, non compris de tout les autres
taxa. L'analyse cladistique de 1la Gymophiona lui-mé@me sugget
que ‘les Caractdres de la‘machoireb définent deux groupes
fondamentals dans les caeciliens, qui ;;t divergé t8t dans
l'histoire de les cdeciliens. L'analyse morphometriqye
r!v!;es que les caract3res de la machoire constitutuent une
suite fonctionelle. On d&duit quelques agpectes de lfontglogie,

de la fonction et de la significance de la structure de 1la

mlchoire selon 1'analyse morphometrique. //
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Not merely in-the realm of commerce but in the world of
ideas as well our age is organizing a regular clearance
sale... Every speculative price-fixer who conscientiodusly
directs attention to the significant march of modern
philosophy,... is not content with doubting everything but
goes further, Perhaps it would be untimely and ill-timed
to ask them whére they are going, but surely it is
courteous and unohtrusive to regard it as certain that
they’*have doubted everything, since otherwise it would be
a gueer thing for them to be going further. Thisg’
preliminary movenént they have therefore all made with
such ease that they do not fipd it necessary to let drop a.
word about .the how... .

‘ : Sdren Kierkegy?{i.
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1. THE PROBLEM’\’\

Since the first description of a caecilian by
Linneaeus in 1749 (see Lescure 19&5), there has %@en
continual debate ‘concerning their higher level relationships,
a subject that has received heightened interest in the last
number of years. The majority of workers hade ailied the
caecilians (also known ;s gymnophionans or apodans) with éhe
two other orders of extant amphibians, anurans and urodeles,

4 -

based on a number of morphological, physiological, and
behaviqural Bi;ilarites. There are, thever! a welter of
dissenting bréposals concerning caecilian relétionships,
based on variols morphological cbgraéters thaE_caecilians
shareé w¥th other tetrapod assémblages. .

Ascertaining the relationships of caecilians has
continued to be a perplexing préblem owing,in part to the

fact that that caecilians have a distinctive morphology and

_lifestyle. Anatomically, caecilians are highly derived,

exhibiting features found in no other tetrapods. They have
also hodified many of the typical tetrapod structures in ways‘

that are unique. Many of these features have no discernible




A

.
v
rom

0 analogtfe or precursor in known tetrapod groups. The problem

s exacerbated by the dearth of fossil material. On the

sasis of modern members alone it is exceedingly difficult to
differentiate primitive from derived f;atures, which in turn

\ \makes it impossible to predict with any degree of certitude,
- whaﬁ charactfristicg the close relatives of caecilians might

possess. Furthér&ore, although it has long been recognized
}\2> .that caeéilian& exhibit similarities to an array of tetrapod
groups, there is ét present no generally accepted higher

o level phylogeny that adequat;ly describes the
interrelationships of the tetrapods. The individual groups
are eas}ly recognized, but they are not readily ascribable to
“ a roSust, well supported phylogenetic scheme. It is therefore
difficult to assgSs the significance of whatever similarities

caecilians do share with other tetrapod lineages.

The advent of cladistics has br&hght a new Eonception
of the significance of similarity in determining
phylogenetic rélationships. It is now recognized that

s organisms must be united by a particular kind of similarity,
synapéhorphy, in order that they be designated as members of
a monophyletic group. A synapomorphy is simply a derived or
’advanced feature (apomorphy) that is shared between two or
more groups. It is' taken to be evidence of recent common
ancestry (Hennig 1966 :91). Symplesiomorphies, or shared
primitive characters, have no phylogenetic significance in
cladistic systematics. Many of the chafacters that

traditonally have been used to unite caecilians with various

s T
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other tetrapod groups may indeed be symplesiomorphies.
Tﬁe reliance won synapomorphies exclusively makeg it
imperative that the methods employed in distinguishing
apomorphies from plesiomorphies are valid, robust and
unbiased. ,

This study concerns itself primarily with determinfng
the sister group relationshhpg of the caecilians (Order
Gymnophiona). The sister group'ia the group sharing the
largest number of synapomorphies with the group in question.
Any attempt to do so must address the three problems alluded
to above. Specifically: these are establishing the nature of
the pr%mitive caecilian, determining the significance of the
morphological similarities shared between caecilians and
other tetrapod groups and, ascertaining how the groups with
whom caecilians display similarities are related to the

caecilians and to each other.

The Choice of Potential Sister Groups

The intial step is to delimit the set of plausible
sister groups. In the case of caecilians, this-is neither a

simple nor trivial matter because the problem of discerning

the‘ﬁrimitive from advanced for caecilian characters (i.e.
polarizing characters) and that of determining caecilian
sister group relationships are intimately connected. In fact,
it will be shown that the choice of potential sister groups
determines which characters o¢f caecilians can be polarized. In

a sense I hope to make clear in Chapter II, there exists a

®
[

oy A
i




trade-off ‘between the number of potential sister groups
analyzed and the @obustness of the inferences made about
ingroup polarity. If a large number of groups are taken 'as
potential sister éroups, only a small number of caecilian
tharacyers can be, polarized, ;}elding a non-robust inference
about the primitive condition in caecilians. On the other
hand, the fewer potential sister groups that are chosen,  the

lower will be the likelihood that the correct one is among
¢

them. .
I have limited the analysis of sister groups to the

following: AYstopoda, Order Nectridea, Order Lysorophia, Order
I3

Microsauria, Family Dissorophidae, Order Anura-and Order

Caudata (Figure 1).‘The'reasons for the choice of thesesérouﬁd

concern the special methodological requirements of his
particular study, and will be discussed in detail in Chapter

two. Only two of these groups, Anurans (frogs) and Cauadata
A ' ’ ’
(salamanders), are represenhted by living members. It s

v

noteworthy that that the extinct orders, AYstopods, Nectriden,

&
Lysorophia and Microsauria are commonly united in the Subclass

P \

Lepsospondyli, while the modern orde;s are themselves usually
united, with caecilians, in the subclass Liébamphibia (Romer
1966). The dissorophids are usually considered -as a family of
temnospondyl labyrinthodontd. A detaileéd discussion of the
anatomy of éhese groups 1is deferred Qntil ;ﬂ: actugl cladistlic
analysis but a brief outline of the various hypotheses.of

¢ -’

caecilian affinities is given below.




Figure 1.

i e

Representatives of the possible sister
groups of caecilians. A, the Alstopod,
Phlegethontia (from McGinnis 1967). B. the °

nectridean Ptyonius (from Bossy 1976). C.
The lysorophoid Brachydectes (from Wellstead
1985). D, The dissorophid temnospondyl -
Doleserpeton (from Bolt 1969). E. the

J,";“,-u»\. 5~ ~—"-_J.“-.’.‘." oo O Te e, 0 . " -
R Y A R T

goniorhynchid microsaur Rhynchonkos (fraom

Carroll and Gasi;;/D 1978) F.the, anuran Rana
)

(RM uncatalogued G. the urodele Ambystoma
(RM 2362)."Scale KSars equal lmm unless otherwise
stipulated .
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Previous Hypotheses

An issue that has received much attention is the
question of the monophyly or polyphyly of the extant
amphibian orders (the Lissamphibia). The implication of

- 1issamphibian monophyly for caecilians is that if the three

modern orders trepresent a monophyletic assemblage, then
caecilians share a more recent ancesgor with Anura (anurans,
or frogs) and the éaqdatél(urodeles, or salamanders\ than
with any other group. Lissamphibian monophyly was proposed by
Gadow (1901), and has come to be the received view (Duel'lman
and Trueb 1986). Parsons and Williams (1965) have providéd
the most complete formulation of this argument, citing the
common posses;ion of green rods in the retina, papifla
amphibibrum of the inner ear (see also Lombard and Bolt
1979), pedicellate teeth (Parsons and Williams 1962), skull
fenestration, and similar palatal structure, among other

characters, as indications of close relationships between

_caecilians, frogs, and salamanders. Subsequent studies based

on inner and middle ear morphology (Lombard and Bolt 1979;
Bolt and Lombard 1985), vertebral structure (and other
characters, Gardiner 1983), reproductive biology (Parker
1956), and karyotype (Marescalchi 1973) ha&e supported this
contentipn. Other reviewé that favour lissamphibian monophyly

include Szarski (1962), Romer (1966), Cox (1967) and

. Duel lmann and Trueb (1986).

A less frequently encountered view has been put

»

forward most recently by Carroll and Currie (1975). They

o

8




"

-
[
A
K

v

®
.

)
K

:

e —— - : ‘a m{

i .

ViI. Primitive tetrapods
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i Genus Species description

Ichthyostega cast skull,
palatal view

CMNH 11090 Greererpeton burkemorani skull.

Abbreviations:
1. INSTITUTIONS

AMNH American Museum of Natural Higtory
BM(NH) British Museum (Natural History)
CMNH Cleveland Museum of Natural History
CNMH Chicago Natural History Museunm

KU Kansas University
{ MCZ Museum of Comparitive Zoology Harvard
"LSUMZ Los Angeles University, Museum of Zoology
MHW Collection of Dr. Marvalee Wake Berekeley
RM Redpath Museum McGill University

UCMP University of California Museum of Paleontology

UCMVZ University of California, Museum of Vertebrate
Zoology

UF University of Florida

UIMNH University of Illinois Museum of Natural History

N
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2. CONDITIONS OF SPECIMENS

& S Cleared and stained
Dried skull
Whole specimen
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Bolt (1969) described a Paleozoic temnospondyl,

LY
Doleserpeton, as the most probable ancestor of the.

lissamphibians. At that time, this genus was the sole member
of the Family Doleserpetontidae, It is now evident from a

study by Bolt and Lombard (1985), that Doleserpeton is

considered a member of the Disgorophidae.

The previous hypotheses of caecilian relationships

-

are summarized in Figure 2. ~

Character Choice

With myriad characters that can be chosen, it is
important to limi§ the analysis to characters that are
pertigent to the gquestion at hand. Behavioural,
physiological, karyological, developemental, and soft
anatomical characters have been used in the past to unite the
three modern orders but the distributions of these characters
among fossil groups is nearly always impossible to ascertain.
Where possible, I have avoided thﬁ use of such characters.
Characters such as the arrangement of dermal bones posterior
to the parietals among &epospondyls, are not of use in
establ ishing relationships in groups that lack these bones
entirely, such as the modern forms. Use of characters such as
tlese is minimized in the analusis. The caecilian vertebrae
are quite distinctive and there are no traces of appendicular
ukeletoq, ;o there are very few relevant postcranial features
ivailabie for analysis. Hence I have restricted the‘analysis

to cranial features that are relevant to all groups. In

8
resolving characters of caecilians themselves, some soft

-




Figure 2.

Previous hypotheses of caecilian relationships.
Phylogenies with arrows represent phylogenetic
trees. Rectilinear phylogenies are cladograms.
A= Anura, Ai= AYstopoda, D= Dissorophidae,
G=Gymnophiona L= Lysorophoidea, M= Microsauria,
N=Nectridea, P= hypothetical
"protolissamphibian ancestor", Ts= *
Temnospondyl amphibians, Us Urodela.
(4
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anatomical features are considered but the analysis of the
higher level relationships relies strictly. on crani§1.
osteology. ‘

In a way, the view of character choice presented here
is diametrically opposéé to the criteria for char&cter cholice
outlined by Lgvtrup (1977: ch 2). The argument I have used to
justify the use of cranial osteology only, viz, that soft
anatomical features are not relevant to fossil groups, is the
same argument used by Lgvtrup to justify the exclusion of
fossil groups from cladistic analysis. He claims that extinct .
groups cannot be analyzed because too little information ca%

be gained from them. However, if fossil assemblages were

excluded from this study, it would be trivially true that

caecilians, anurans and urodeles constitute a monophyletic

assemblage among those mentioned in this study.
\

-t

N

II.‘SYSTEMATIC AND EVOLUTIONARY STUDIES
¥

3
In studying any evolutionary aspect of a group of

‘organisms, the observer brings some preconception, however

' tacit or inchoate, of the interrelatedness of (that group. It

is desirable, therefore, that' a phylogenetic analysis

precedes any othe{ type of evolutionary study- if the

§ precqﬁbeétion is to be'based on ;ub;tantive knowledge. It is
o equally imperative that the phylogenetic study itself neither

predeté?mings nor presupposes the results-of sybsequent

v
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studies. The latter desideratum is the major reason for this
Q

work's uncommon preoccupation with systemat}c methodology.

- In what follows, 1'present a methodology that

§

. provides an objective way of answering the questions at hand,

In formulating the methodology, I attempt to minimize the
number of contingeht assumptyghs about the underlying
phylogenetic process so that later, if desired, inferences
about the process'of“evolution can be made without fear of
tautogical, or self-contradictory argumentation. I also
attempt Fo minimize the number of assumptions about the
interrelationships of caecilians and the other groups in
question. In this way no particular relationship is made, a
priori , ég¥é likely th;n any other. A particularly important

primitive fr derived characters both within the caecilians

gpal is to :;;ﬁciate an objective, unbiased way to discern.

and between the groups under study. This provides me with an
oppo;funity to discuss some of the methods for ascribing
polarity that are currently in use and to evaluate their
validity and the assumptions involved. The methodology is
formulated specifically for -the problem of caecilian
teiatio;ships but it is hoped that it can be gegeralized to
other similar problems.

Chapter II contains the discussion of systematic
methodology. In the discussion of methodology I claim tﬁat
cladistics finds its justjification in the reductionist
programme. A similar point‘is made independently by Rieppel
(1987). Phylogenetic problems are solved by¢£éducing

\
/

e




organisms to a set of characters which are then desig;ited as
being primitive or derived. A cladogram is a parsimonious
grouéing of advanced characters. The assertion that an
o;ganism has the same phylogenetic history as its consti;uent
parts allows the infortmation in a cladogfam, a grouping of
characters, to be exéénded to a grouping of the organisms
that possess those characters.

While the reductionist method justifies cladistics
for organising taxa, it may also be the source of cladistics'
principal inadequacy.Clé&istics deals with characters and
their transformations and as such does not ygeld an
understanding of organisms as wholes. Organisms are 'concrete
systems'. This means that the component parts of an organism,
interact, resulting in the emergent properties of that
organism_ (Bunge 1978). Biolegical functions are classic
exampleé of emeggent properties of organisms; they ﬁre
necessarily the result of interactions of an orgénism's
conéiituent parts. The reliance of cladistics on characters,
rather than on organisms, hoes not permit one to make
inferences about the ways in which characters interact. It is
often, however, of considerable interest to biologists to
determine how an organism's components function and how those
functions confer on the organism its capacity to surviv; and
reproduce. ‘ p

The final chaéter of. this work, Chapégr IV, attempts
to redress tﬁe inadequacies of the cladistic analysis. In

Chapter IV, the interrelationships of some of the characters

used in the actual cladistic anaiysis, presented in Chaptet

{
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‘:% 111, are quantified. A morphometric study of the unique
caecilian jaw and jaw adductor system is undertaken. It is -
hoped that from this analysis some inferences can be made
about the function of the jaw system and its si;nificance in

the origin and evolution of caecilians as a group.

n
S
AY
’ ~
‘ o fory
- L:” ?
g~ > .
”‘Q«
B '
J )
-3

N v
¢ |
k4 11 o

ST T
e v
A%

y b

§

Pl

b




) . T LR R e i YRRy PSS AT EE

CHAPTER II.

. 4
‘ SYSTEMATIC METHODS '
. L
' -
‘ v

“ ‘ -

, t A ’ .

N \




y

A

The first rule was never to accept anything as true
unless I recognized it to be evidently such: that |is,
carefully to avold precipitation and prejudgement, and to
include nothing in my conclusions unless it presented
itself so clearly and distinctly to my mind that there-was
no reason to doubt it.

The second was to divide each of the difficulties which
I encountered into as many parts as possible, and as might
be required for an easy solution.

The third was to think in an orderly fashion, beginning
with the things that were simplest and easiest to
understand , and\ gradually and by degrees reaching toward
more complex knowledge, even treating, as though ordered,
materials which were not necessarlly so.

The last was always to make enumerations so complete,
and reviews s0 general, that I would be certain that
nothing was omitted.

Rene Descartes.
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. I. INTRODUCTION

Précis of Cladistics

The principles of cladistics are extremely simple but
the retent p;oliferation 6f opinioqp on the method, the
meaning, and the utility of cladistics has tended to obscure
the central issues. It is a daunting propositiOn’zor the non-
specialist to abstract a unifying theme from the mas{!of
cladistic,literature. For this reason, and because of the
plurality of opinions about cladigtics within the systematic
community, I present an epitome of the systematic method as it
is used in this study.

The goal of cladistics is to érganise taxa under

investigation into a hierarchy of nested sets of increasing

exclusiveness (fig. 3a). Unlike other systen{atic methods, the

objective is not to arrange the taxa into genealogies that
incorporate ancestry and descent. The nested sets of
cladistics are monophyletic groups. The members of a
" mopophyletié group are demarc;ted by their possession oﬂf.‘
advanced features known as apomorphies. The significance of
apc{morphies is that they are i{nversé\ indices of generality.
Thé.s can be clearly explained diagrammatical'ly. Figure 3b
shows\ a set of open-ended, irreversible branching

trajectories for objects A, B, C and D. The poihts marked 'X’'
(\

©
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A, A ‘cladogram of taxa A,B,C,D and E. As&B
comprise a monophyl tic” group exclusive of. all
other taxa. B. A set of open-ended, non-
reversible branching trajectories for objects
A,B,C and D. X marks a point on a trajectory at

Mich a particular attribute of all objects on .
that trajectory changes.
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designate places where changes occur in ;articular attributes
of all obje;ts on that trajectory. At any gi;en time, those
objects that share the largest number of changed attrib&tes
are those whose trajectories have diverged the most recently.
"If the objects in figure 3D argﬁorganisms: and the attributes
are heritable, characteristics, then figure 3b is a cladoéram. .

The changed attributes are the apomorphies. Organisms A an&

B share apomorphies that are less general than those shared

. j
N
between A, B and C, and so on. Apomorphy Xa is sufficient to

demar;ate A & B as a monophyletic group that is exclusive of
C.and Df Because shared apomorphies (synapomorphies) are
indicators of the relative recency of divergence of the
irajectories, they, rather than the amount 6f overall

similarity, are the important propergies uniting

monophyletic groups.

-

A cladistic analysis is the process of reconstructing
the most likely set of branchtng trajectories for a set of
organisms. It comprises the steps OJf recognising characters,

discerning the apomorphies and, grouping organisms on the

basis of shared apomorphies.

Cladistics as Reduction

74

.

The epigraph of this chapter is a quotation from
Descartes’ seminal wgrk on the method of scientific
inference. This treatise saw the inception of the
reductionist research strategy. It is ‘particularly germane to

-
a clear exposision of cladistic ana}X@As.,Each of Descartes'

T




four rules has an analogue in the stages of a cladistic
analysis. . P

First, one establishes the minimum set of assumptions
about the nature of the underlying process being reconstructed
~*v..carefully. to avoid precipitation and prejudgement.®
There are two levels of assumptions needed. The first ig the
set of minimum assumptions about cladistic inference in
general; this needs only to be outlined once. The second is
the set of assumptions concern?pg the phylogenetic
relationships of the groups in question and needs to-be
formulated for each investigation.'

The second step, "divide each of the difficulties ...
inép as many parts as possible", is the analogue of dividing

organisms into series of characters. It is the characters that

are dealt with directly in cladistic analysis, and not the

.~entire organisms.

~ The third step‘is that of resolvlng characters into
ééomorphies and piesiomorphies (primitive characters),
"begin;ing with the things that are simplest and easiest to
understandJ;This is the methodologically complex procedure of
rascribing golarity. It receives considerable discussion in

this paper. -

.
(LS

4/';M The fibal step entails c?oosing between the set of
phylogénetic hypotheses suggested by the resolved characters
in such a way éhat one chooses the hypothesis with the maximum
likelihood relative to the set of observations - "always make

enumerations so complete that nothing [ig] omitted.” This is

™ 14




the controversial stage of applying the principle of
pazsimony. A detailed‘discussion is beyond the purview of this
work, but a.cursory overview is given here to describe and
justify the type of parsimony argument employed in the

-

systematic gnalysis.
I shall gutline each of these steps below, paying

particular attention to the critical step of ascribing
polarity. It is first necessary to distinguish cladistics from
synthetic systematics in order to explain how the two systems

can be compared and to justify my adherence to one in

. preference to the other.

Synthetic Versus Cladistic Systematics ¢

Most previous'hypotheses of higher order relationships
of caecilians, and indeed those of 1issamfhibians and
lepospondyls, have been couched in the terminology of
evolutionary (synthetic) systématics, although some (Gardiner
1982, 1983; Bolt and Lombard 1985) have taken a cladistic
approach. This faises some ambiguity when attempting to
coﬁpafa the conclusions of different authors. It is especially
agute when dealing with the make-up of monophyletic groups.
For example, the proposal of lissamphibian monophyly put
gorward by Parsons and Williams (1963) does not specify an
appropriate ancestral group although a range of possible

candidates is mentioned, nor does it suggest any resolution of

ingroup relationships of the Lissamphibia. The contention by

°
\
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0 * Bolt (1969, 1977) that anuranie have‘ desclendgd\fzom
dissorophoid temnospondyls fails to discusg explicitly whether
urodeles and caecilians are to be included in a monophyletic
| group with anurans as descendants of temnospondyls. Later
works by Lombard and Bolt (1979) and Bolt and Lombard (1984)
either hypothesize or assume that this is the case. Carroll
N\ and Currie (1975) identify what they believe to be an-
ancestral-descendant 1ineage between microsaurs and caecilians
but fail to identify what other groups, if any, would be
included with the caecili:ns in a monéphyletic assemblage. It
is apparent from later works though (Carroll aq@ Holmes 1980;
Carroll and Gaskill 1978), that at least one of these authors
(Carroll 1987: ch 9) holds that the three extant orders of
amphibians are independently derived. Likewise, although
Eaton's (1959) hypothesis of caecilian relationships to the
lysorophoids speci@ically excludes the anurans and urodeles
as being members of a monophyletic group with caecilians,
those of Nussbaum (1983) and Moody (1909) do not. Moﬁt of the
proposals put forward by synthetic systematists are
consistent with a number of cladistic relationships- for the
; groups in question because they either do not specify a
primitive sister group (ancestral ‘group) or do not resolve _
ingroup relations, or both.
Much of this problem stéms from the fact that in a
synthetic hypothesis of phylogenetic relationship it is
sufficient to identify only two taxa, the“ancestor and the

n descendant. It is acceptable to say "A is the ancestor of B",

16
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In cladistics, on the other hand, any proposition of.

r

phylogenetic propinquity between two taxa must be a made .

'relatibe to a third. "A and B constitute a monophyletic group"

is uninformative, whereas "A and B constitute a monophyletic

group exclusive of C" isd informative. (Often "A and B

constitute a monophyletic assemblage"™ is stated with the
. ; )

tacit understa;ding that this is true relative to all other

groups.) .
The study of caecilians undertaken here differs from
most of its predecessors in its attempt to exploit the

methods and principles of cladistic analysis. This raises a

.problem in that the precepts of cladistic and evolutionary

systematics are incoéommensurable. Cladistics produces
cladograms and synthetic systematics produces phylogenetic
trees thatwinéorporate ancestry and descent. As hypotheses
about the phylogenetic history of a set of organisms,
phylogenetic trees and cladograms~may appear at first to be
much the same thing; they are not. The most important
concepts that differ between the two systems aré the‘
respettive meanings of monophyly, and the'distinégion between
ancestzal-desceq§ant sequences on one hand, and sister grouJ

relatibnsﬂipé on the. other.

Monophyly

The standard cladistic deﬁ}nitipnof a monophyletic
]

group is an assemblage comprising an’ ancestor and all iﬁs
descendants (Eldredge and Cracraft 1980);‘Monophyletic groups

are defined by synapomorphies. They are the canonidal unit of

i
\
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‘E’ cladistic systemat?cs, and only gioups meeting the cladistic

definition of monophyly can be recognized as natural (Nelson
and Platnick 1981). In contrast, the synthetic definition of
monophyly does not require that all the descendants of a given

, ancestor are included in the same monophyletic group. The
. ‘ y

(\geneaiogical tree can be cut arbitrarily and still meet the
(

synthetic requirement of being based on monophyleticﬁgroupq

(Simpson 1961). This produces paraphyletic grodps, groups thagt
éo not include all the descendants of.a given ancestor.The
Class Reptilia, in the sense of amniote tetrapods minus
mammals and birds, is a classic example of a paraphyletic
group.

While cladists rely exclusively on synapomorphy for

2 =
\ delineating natural groups, evolutionary systematists employ

g

a component .of overall similarity in their q}assffication
schemes, recognizing paraphyletic groups as hatural
assemblages. A monophyletioc group, for syntheticists, shares :
a common ancestor but also is united by a set of adaptive
featﬁres (Ashlock 1971; Mayr 1974). The majqr distinction
then between the criterion for a monophyletic taxon in
cladistic and synthetic systems is that - the synthetic

system requires common ancestry whereas the cladistic system

requires exclusive common ancestry.

Py 2 Common ancestry in synthetic systematicé, as a
requirement of membership within a natural group, is clearly
subordinate to the requirement of overall similariéy. This is

o evidenced by the fact that if common ancestry had primacy

over. adaptive unity, the synthetic definition of a natural

*18
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group (Ashlock 1971: encompassing both paraphyly and

‘cladistic monophyly), could not exist. The genealogicai;nexu5~
cou%d’not be cut (May{'l974) such that an ancestor and its
descendants 6ccupied different (non-nested) monophyletic
groups (Nelson and Platnick 1981). The utility of the
requirement of common ancéstry in synthetic systematics is

to _ensure that the similarities by which groups are defined

;ﬁi homologous. -

Ancestors and sister groups

It is generally recognized in cladistics ghat character
phylogenies do not have inherent in them the type of
information by which ancestors can be identified (Hull 1979;
Platnick 1979) but a group can be designated as a
plesiomorphic sister group. The reason for this is that a
species or monophyletic group is defined by the emergence of a
new tax?nomic character (Lgvtrup 1977). All other grqugs,
including the ancestor, will lack that character, barring
convergence. As a result, the ancestor cannot dé distinguished
from any other taxon on the basis of the character that
defines the descendant. The absence of t;is character in any
group is clearly insufficient evidence for it being
designated as ancestor. Evolutionary systematists conteﬁé,

in contrast, thgt ancestors can, and should, be identified

(Mayr 1974; Szalay 1977).

Choosing between methods -

A- question arises: if synthetic and cladistic systems

o
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are incommensurable, and the majority of existing’giudies have
beew formulated in terms of the formér, why choose the latter?
There are two reasons for this, the information content
inhereq} in. a phylogenetic tree compared to that in a
«<ladogram, and the extent to which each system ylelds to °
thorough methodological codification.

The relationship between a cladogram (synapomorphy
scheme} and a phylogenetic tree (incorporating ancestral-
descendant series) has been discussed by Platnick (1978), and
by Sober (1983a, 1985, 1986). The relationship is not
reciprocal. Whereas a p;ylogeny implies one cladogram only,
the converse 1is not true. A cladogram implies a. number of
phylogenies. A grouping of three taxa resolved by
synapdfiorphies implies a single cladogram. A three taxon
cladogram, in turn, circumscribes six possible fully resolved
phylogenetic trees (fig. 4).

# Both systems employ character similarities in defining
groups. It was shown in figure 3b that advanced characters
impart information concerning recency of divergence, to 3 set
of taxa. The information cégtent of dn array of characters
resolved into primitive and derived states suffices only to
generate a synapomorphy scheme, not a phylogenetic tree.
Additional information concerning thé type of tree topology
(one of the six shown in fig. 4) and the probabilities: of
evolutionary’change on each branch is required to specify a

tree from a characte£ distribution of this sort (Sober 1985).

It is evident then that for a given number of taxa, a

4\/\ 20
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Figure 4. The relationship between a cladogram and a set®
of trees for three taxa. Arrows are ancestral
descendant 1lineages. o=unknown ancestor.
Arrows denote ancestral-descendant
transitions.
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phylogenetic tree has considerably more informatiom content
than a cladogram; (where that information might come from is
another question entirely). If cladistic and synthetic
hypotheses are to be compared, they must be re&uced to some
commensurable format. Al though the precepts of these systems
differ, their results‘can be reduced to a common format,

¥

specifically that which contains less information, a

- -~

cladogram.

The other reason for choosing to present this work in
cladistic terms rather than adhering to the methodology of
synthetilc systematics, is that the method of syntheti;
systematics has never been rigidly codified. Indeed one of its
most ardent proponents, Simpson (1961), claims that the
methodology of systematics (his "taxonomy" (pp 9-11)) "is

really a combination of a science, most strictly speaking,

"and of an art" (p 110). The steps by which a phylogenetic

hypothesis is arrived at, given kndwledge of the anatony,
physiology (etc) of a group are seldom discussed, and when
they are it is evident that the methods are largely intuitive
and ad hoc. For the plethora of papers extolling evolutionary
systematics, none has been able to prescribe precisely how a
series of variable characters can be resolved into a most

parsimonious phylogenetic tree.
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I1. PERFORMING A CLADISTIC ANALYSIS

1. Assumptions

One of the often pfoposed advantages of cladistics is
that in reconstructing a phylogenetic history, it makes very
few contingent assumptions about the underlying process.
According to Sober (1983a,b), there are three assumptions.
These are: 1) that probabilitie; of evolution on each branch
are between 0 and 1 (noninclusive). This simply implies that
evolution (change of characté;/;tate) is neither inevitable
nor impossible on any branch. 2) Branches e?olve independently
of one another. This is a relatively innocuous assumption
except in the case of charatcter displacement by sistex
~ species.® 3) On any phylogenetic tree, Pr(l->l) > Pr(0->1)
‘(i.e. that the probability of a branch terminating with the
advanced condition (1) of any character is greater if it
begins with that character state than if it begins with the
primitiv; (0) condition){ Contrary to many criticisms
(Felsenstein 1978), the last assumption does not imply either
that homoplasy (the independernt attainment of advanced
features) is rare, or that stasis is mofz\pxevalent than
evolutionary change (Sober 1985). I see assumption three as
making only scant requirements on the process of evolution. It
seems simply to be a justification for grouping by
synapomorphy. If common possession of derived features were

not an indication of probable common ancestry (i.e. if Pr(0-

>1) >Pr (1->1)) then synapomorphy would be invalid as a basis -

22



on which to define monophyletic groups; cladistics would \
reduce to phenetics. Mqreover, assumption three appears to me
to be the equivalent of the assumption made by Platnick
(1979), and Patterson (1982) that evolutionary histories can
best be représented by a hierarchy of nested sets. Granted,
this assumes a continuous, irreversible process such as we
commonly ?erceive organic evolution to be (Hull 1979; Beatty
1982; Brobk;‘aﬁd Wiley 1985) (fig 3b), but makes no furtper
assdmptions concerning t?g natEEg/ér deployment of change
within or between gféqps.

If we are to bé\a_b' to infer the particulars of the
evolutionary process from the reconséructed phylogeny, it is
essential that our systematic methodology be as little
encumbered as possible by contingent assumptions about that

’\\’
- evolutionary process. This is the main advantage of xhe

minimal assumptions required by cladistics.

2. Character Recognition

The characters of cladistics are treated .
independent entities. It is not required{of characters that
they transform independently; it is simply advisable not to
constrain, a priori, .the ways” in which characters can
. 8ssociate in a cladogram. '

Characte; weighting has been a much discussed issue in
cladistics (Hecht and Edwards 1976, 1977; Neff 1986; Sober
1985; Shaffer 1986). It consists of assigning charactersg '
differential values according to their capacity to yield

correct phylogenetic inference. The value is usually based on

23
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either the evolutionary lability of a character, or its

propensity to transform in association with other characters.
9

Both of thesé’properﬁies, lability and association, can only

be determined in an a posteriori way (Sober 1985), but

character weighting is a strictlf a priori technique. I have
chosen not to weight characters. All characters are taken to
have equal potential wvalue ﬁé,reconstructing a cladogram.

3. Character Polarities

A variety of metﬁods have been proposed for
determining polarity. I will consider some of the more common
ones here. More exhaustive discussions are provided by deJong
(1980), and Stevens (1980), both of which differ in many
respects from the general approach taken here. My intent is to’
determine whieh methods are justified given the assumptions
made about cladistic inference. The methods deemed justifiable
'wi¥l be valid for both ingroup and outgroup anafysis but éome
modifications will be necessary for their use in ingroup
analysis. The procedures I shall discuss were suggested by
Luckett (1980). They include indirect and direct methods of
character analysis (after Nelson 1973). The indirect method
is outgroup analysis. The direct methods comprise
stratigraphic sequence, ontogeny, and functional suites of
féeatures. Within the systematic”@ommunity there is no

consensus on the relative merits of each these procedures, so

they will be dealt with in some detail.

[ \,
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Indirect obéervation

Perhaps the most common method of of determining
polarity ‘is ;utgroup c8hp;rison, as described by Watrous and
Wheeler (1981l) and Earris (1973). The outgroup rule states
that given a series of homologous character states in a
monophyletic group, that state which 'is found in its
plesiomorphic si;ter group is taken as primitive ki.e.
plesiomorphic), whereas that state (or those states) found
only in the ingroup are advanced (i.e. apomorphic) (modified
from Wiley 1981:139). The assumptions are: that an app;ppiiate
outéroup is chosen, and that any character under question has
not transformed within the outgroup.

Outgroup analysis is widely practiced in cladistics.
Among all methods for inferring character polaritiés it has

received the moét complete formulation (Watrous and Wheeler

1980; Maddison et al 1984).
;

Direct Observations ©

' .
In addition to outgroup comparison, direct observation

of the ningroup can be used to ascribe polarities to

a

_characters. Luckett (1980) suggests three criteria:

\
stratigraphic sequence of characters, ontogenetic sequence of

characters, and functional suites of features.

Stratigraphic Sequence, .

S

The sequence in which homologous character states occur
|

in the fossil record has bBeen widely employed in

differentiating primitive‘frOm advanced character states, an
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qpp:oach strongly advocated by Simpson (1961 :83)

...when based on ;sequences in
geological time or when relatable to recent
forms, paleontological studies do have a
true time dimension and the data are
directly historical. In spite of
deficiencies in other respects (biased
samples, incomplete anatomy, no physiology
etc.) fossils provide the soundest basis for
evolutionary classification when data

adequate in their own field are at hang".
. N

That contention was addressed directly by Schaéffer et al
(1972;A whq maigkain that the utility of the fossil record
lies solely in attaching a time frame to evolutionary events
and that it cannot be used in their reconstruction; "... it
is simply wro%g to use biostratigraphy to determine polarity
a priori. It shéuld not be incorporated into the methodology
just chause ;t may be right" (pg. 43; emphasis in the
original). "But the§ also state that "the congruence of
morph&cline and ghronocline polarities increases our
confidence in the %ypythesized phylogeny™ (pg. 44). If, as
these authors conteﬁd,cit is wrong to use biostrétig:aphy
"just because it ﬁay‘Le right?, the céngxuence of morphocline
and chronocline pol&rié%es says nothing more than tﬁit
morphocline polarities also "may be right"., If only‘because
bf its historical significance, the Jtility of the fossil
\?%cord in ascribing polarity. deserves more than a facile
dismpissal. . -

In contrast to Schaeffer et' al (1972), 1 accept
stratigraphic sequence 238 a legitimate criterion for

ascribing polarity, or as a valid potential fa}sifie: of

character phylogenies arrived at by othéer means. The

v » e
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justification goes as follows. The first appearance of a
}lesiomorphic state necessarily occurs before the first
appearance of its respective apomorphic state or states. One
interprets the cladistic grouping (AB)C as stating that taxa
A and B share a more recent common ancestor than either
shares with C, or more correctly, that the characters that
pnite A and B exclusively have emerged after their respective
states in C, Ldvtrup (1977:24) expresses this idea as two of
the theorems of cladistics. " No taxonomic character defining
the taxon Tj can have originated later than any of those
defining the taxa Tj+1 included in T5;" and "No taxonomic
character ,defining the taxa T44+1 included in T4 can have
originated [ear\l ier than any of those defining Tj," Cladograms
based on character phylogenies derived by non-paleontological
methods (e.g. outgroup comparison) have implicit in them a
time componen?:, that is recency of common ancestry (Hennig
1‘966‘) or, pe’rhaps more accurately, relative recency of
émergence of apomosph,ies‘ (Hull 1979). The time c?onent of a
cladogram egenera-ted by such a rpethod i,)s not a/ result of
direct observation but is a f;mction of thé distr}ibution of
character states. The time component.in a character polarity
taken from tr‘ne‘fossil record is independently derived; it is
read directlycfrom the stratigraphi;: sequence of characters.
In this respect, the stratigraphic sequ'ence of characters is
an appropriate, ind_ependent means of de‘\signating polarity.

' Stratigraphic ‘position (the ‘\'paleont,ological

“argument') as a criterion for ascribing polarity was also

&
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Qisparaged by Nelson (1978) as not being falsifiable and
thereby having no information content. I db:not see the
relevance of Nelson's (1978) contention 1hat the
paleontologgtal argument is protected from falsification by
ad hoc hypotheses. As one example of such, he seems to claim
that given the ngorious incompleteness of the fossil record,
it is highly unli}ely that the correct earliest character
state can be known. He maintains, furthermore, that cases in
which a previously held polarity based on the fossil record
is overturned by the discovery of new fossil material are
adequate to falsify the paleontological argument. This is an
erroneous conclusion. A method of phylogenetic inference is
not- impugned by the fact that an incorrect observation can

favour an incorrect hypothesis (Sober 1985). Elementery

deductive logic tells us that a valid argument may have a

false premise and a false conclusion. The recognition of this

potential source of error is not an ad hoc hypothesis in {ts
defence. The admission that an observation may be misleading
is not an admission that the form of argumentation is
invalid. Nelson appears to conflate the ideas of the
1egitim€cy of a method of phylogenetic inference and the
reliability of the observations on which the inference is
made. .For the paleontological argument itself té be
fallaciogs would require that given the correct:/sequence of
characters in the fossil record, the method could favou: an
incorrect hypothésis about which is primitive and%&hichLiu
derived.

Any merit to be found in Nelson's criticism of the

J

1
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use g?fpaleontology, then, "'must revolve around t%e question
of the reliability of the fossil record itself. It is widely
acknowledged that the fossil record {E‘incomplete. This does
not necessarily imply that it is more oftsn than not
misleading. Paul‘(19£§2) convincingly demonstrates'that there
is a high probability of spec{es and, by extension,
characters being preserved iﬁ the correct temporal sequence
in the fossil record, fkrespectivg‘of its completeness. This
aljows one to postulate that thoée states of clinal
characters that occur earlier in‘the stratigraphic sequence
aLe the actual precursors o{\those appear;ng,later. “

I do not claim that the paleontological argument is
infallible. I do claim that a valid method needn't be. It is
sufficient grounds for rejecting a method of phylogenetic
inference if the observatio?s are 'positively misleading'
gFglsenstein %978L That 1is that as tpe number of
observations become indefinitely large,‘khey tend not to
favour the correct hypothegis (Felsenséein 1978; Sober
1983b). I infer from yeison's scepticism of .new_fossii
evidence that he wouldkimpute this pfoperty\gg the fossil
record. However, Paul (1982) demohstrates*that fiore often
than not the fossil ‘record will yield'the correct,polarity,

-,

and will do so increasingly frequently as it becomfes more

complete,

It was proposed by deQuieroz (1985), that polarizing:

characters by the use of the fos$il record is a special case .

of outgroup comparison and should be subsumed under it. The

~ -

~

29




palgontological argument, unlike outgroup comparison, does

not require an assumption of relationships beyond the ingroup

in question. Quite simply, within a monophyletic assemblage,
those character states occuring first in the fossil record
are postulated to be the genealogical antecedents of
cognate character states appearing later. I conclude that the
stratigraphic sequence of characters is an appropriate
criterién for ascribing polarity. 1 do not accord it primacy.
The evidence of the fossil record vis a vis ind;vidual
character polarities does not take precedence over
countervailing evidence provided by outgroup\comparison.
Similarly, outgroup comparison does not take precedence over

@
stratigraphic sequence.

/

Ontogenetic sequence

i The utility of the ontogenetic criterion has been one
"of the most discussed aspects of bhylogeaég}c reconstruction
of laﬁs (Nelson 1973, 1978, 1985; Stevens 1980; deJdong 1980;
Fimk 1982; Pattergon 1982, 1983; Bonde 1984; Brooks and Wiley
f985, Kluge 1985; deQueiroz 1985). Nelson (1978) and
Patterson (1982, 1983) have argued for the primacy ofﬁthe
ontogenetic criterion in polarizing characters based on Von
Baer's second law, whicg states that development proceedé
from the more general to the less general (Garsténg 1922;
Goul? 1977: 61-3). Nelson (1978) claims that if development

proceeds from more general to less general, then:

"given an ontogenetic character transformation, from
a character observed to be more general to a

A
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. character observed to be less general, the more
; general character is primitive and the less general
Céf character is advanced.”

In contrast, Kluge (1985) has contended that the
ontogenétic criterion is simply a special case of outgroup
comparison. Brooks and Wiley (1985) also claim that "[d]irect

0 o’bservation af ontogeny does not resolve any cases of
evolutionary change in ontogeny that outgroup comparisons
fail to resolve and outgroup comparisons resolve cases which
direct observations fail to resolve." A somewhat similar
interpretation is given by Stevens (1980). The use of
ontogeny.is rejected outright by deJong (1980), except as a

provisional method of polarizing characters when none other

is applicable.

s

, ) These issues require further discussion, but for the

urposes of this paper it should be noted that the literature
,ertaining‘ to caecilian cranial anatomy, }né\qto that of
fossil and recent amphibians is predominantly concerned with
the instantaneous morphology of ::\Ats ("semaphoronts" sensu
Hennig 1966), This restricts the characters available for
analysis to adult morphologies. The issue here in assessing
g ~ the utility of the ontogenetic criterion is .the confounding

effects “of heterochrony when phylogenies are based on

instantaneous morphologies. During development of an

organism, ontogentic sequences can be altered in any of a

number of ways such that the resultant final morphology is
different from that of its ancestors. Thé types of changes
C@ _ have been formalized in slightly different ways by DeBeer
(1940), Lgvtrup (1974: 305) and Alberch et al (1979). Without
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o direct observation of both ancestral and descendent

N ontogenies, it cannot be determined which type of
heterochronic event has brought about the change. Cbntrary to
Nelson's (1978) proposition, heterochrony (his neoteny)
cannot be agsumed a priori, thereby nullifying all criteria
except ontogeny. Rather, as Kluge (1985) points out,
heterochrony can only be discerned if a phylogeny is
presumed. o
Exampleslof the problem heterochrony poses to
ascribing polarity to instantaneous characters are given by
Rieppel (1979) for the articulation of vertebral centra, and
4the configuration of the trabeculae in the braincase of
squ}lmates (his views are rebutted by Bonde 1984). An apt
i(lustration is also found in the development of the
caecilian skull roof. The dermatocranium can be observed, in
someﬂ?o‘fﬁ?\” to undergo closure during development (Wake ané
Hanken 1982) as a result of the concrescenc’e of dermal
anlagen (DeBeer 1935), yielding the closed (stegokrotaphic)
condition in adults. In others closure does not occur,
resul ting ix‘;\the open (zygbkrotaphic) condition. THus in all
closed-skull forms zygokrotaphy has existed at some stage in
development. The open skull condition is more general as it
is present in the development of both gkull types and must
: Kﬁave been manifest in the latest commpn ancestor at some
stage in development, By Nelson's (1974) dictum, the open

skull roof is correctly taken to be plesiomorphic. That does

@o not make it plesiomorphic for all semaphoronts. The question
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becomes one of whether the ontogenetic transformabtion
zygokrotaphy -> stegokrotaphy is plesiomorphic, and-
zygokrotaphy -> zygokrotaphy the result of terminal deletiob,.
or conversely, whether zygokrotaphy -> zygokrotaphy is
plésiomorphic and zygokrotaphy -> stegokrotaphy th; result of
terminal addition. QE, as argued by de Quefroz (1985), the
ontogenetic transformation krather than the instantaneous
state) is the character, then we have two characters of equal
'‘generality': i.e. 1) zygdkrotaphy -> stégokrotaphy and, 2)
zygokrotaphy =-> zygokrotaphy. '

fhe implicattion of the skull roof example is that
when concentrating on the phylogenies of instantaneous adult
morphologies, direct observation of ontogenies itse€lf has no
utility in ascribing polarity. It is not necessarily a
special case of outgroup comparison (Kluge 1985), nor as Fink
(1982) asserts, can it be used to augment taxonomic
information gained by outgroup comparison. More correctly,
ontogenefic transformations are themsglves characters which
must be poharized by other methods. The method is usually,

but not necessarily, outgroup analysis, as ontogenetic series

are exceptionally rare in the fossil record. The ontogenetic

method as usually outlined (for example by Szalay 1977) will
not be employed in this study. Developmental sequences will
only be used in cases where it is important to distinguish

between loss and fusion of elements, or differential patterns

of fusion of elements.




Functional suites of features

\

Hecﬁt anq Edwards (1976,1977) maintain that closely
integrated characters, or covarying suites of features have
biéﬁ information content in reconstructing phylogenies. In
thﬁ}r weighting System functional sultes are considered as
having high weight because they reduce the probability of
misinterpreting a transformation series as a result of
homoplasy.‘The rationale behind this, presumably, is that 1f
features are seen to correlate closely, or form an
integrated functional unit, and polarity can be ascribed to
one such component, then the other constituents of the suite
can also be differentiated into primitive and advanced
stgtes. Frost (cited by Sporne 1956) ascribed the propensity
for advanced states of functionally related characters (his
"homogeneous tissues”) to be correlated with one another to
the fact that their evolutionary rates %ggld be coupled.

There are a number of problems with thils approach.
The first,‘and most crucial, is that it is not by itself a
method for determining polarities of transformation series,
At least one character of the suite must be amenable to some
other method of analysis in order that plesiomgrph{es and
apomorphies be distinguished. The second criticism involves
thé demarcation and weighting of characters. 1In terms of
funcfional suites, if what are pe;cfived as separate
characters are inextricably linked such that a change in one

character necessarily effects a concomitant change in the

r 34



others, they are more correctly considered  as composing a
single character. Repeated use of Fhat character would be.
redundant. If the constituent characters offa suite Jg'not’
covary exactly but simply are seen to correlate somewhat
closely with one another then they cannot be considered
aimultaneoﬁsly as a suite of features. In fact, by doing so,
one would ensure that eventually a transformation series
would be assigned the wrong polarity. In this sense
functional suites of features are 'positively misleading'
(Felsenstein 1978). ' -
Adaptive suites of. features are dealt‘;ith by Sporne
(1956) in a discussion of the 'principle of correlation' (see
Congruence Characters below), who points out, furthermore,
that adaptive suites of features are particularly susceptible
to convergence.
' My contention+is that integrated suites of features
have no special utility in ascribingi&plarzty to
transformation series. If fe;tures are' linked, but only in a
probabilistic way, then they should be treated as independent
characters. If they are inextricably linked, they should be
treated as one chfracter. The argumentation used in

polarizing functional suites of features is not valid but its

obverse, the congruence method discussed below, is valid.

Summary of polarity methods

In summary of the character analysis phase, outgroup
comparison, and the 'stratigraphic sequence of character

states are acceptable,vindependent criteria for polarizing
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characters. They will be applied whenever possibl'e in
distinguishing pr"imitive from advanced states in caecilians.
Direct observation of ontogenetic s;quences is not a method '
of polarizing characters but instead is one of demarcating -
them. Polarity cannot be establ ished by use of what is
standardly called the ohntogenetic criterion. Functional
suites of features have no special claim to high information

content, and have no utility in ascribing polarity.

4. Cladogram Construction

When all character transformations upivocally support
one cladogram, ;:onstructing a cladogram from a set of
transformation series poses no problem. This, unfortunately,'
is seldom the case. When there is conflicting evidence from
character transformations, itAvis necessary to choose ‘be?:ymen
the cladogrAams suggésted by the observations., The princ_ziple
of cladistic parsimony is employed in doing so.

Pars{mony was proposed as an .auxilliary principle of
phylogenetic inference by PHermig (L966: 122). He argued that
homoplasy (the independent derivation of advanced character
states) should not be invoked unless evidence requires it.
Hennig's auxilliary principle is often misconstrued as
requiring that homoplasy is rare and hence represents an’
unwarranted restriction on the evolutionar,y process
(;;lsenstéin '1978). There is, however, a distinct difference
between minimizing the réquired homoplasies and requiring

“w
that homoplasies are rare (Farris 1983). The former, Hennig's
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‘:§ -principle, is the sense in which parsimony is applied here.
‘ In a series of papers, Sober (1983a,b. 1985, "1986) -

has developed a likelihood justification for parsimony that

¥ requires only éhé minimal assumptions of cladistics. It

states that the most parsimonious hypothésis is the one that

,"confers maximum likelihood on the observations (Sober 1983a).

Cladistic parsimony is strictly a methodological concept that

addresses the Bmount of evidential support of an hypothesis

relevant to a set of observations. It does not make

_contingent étatements about the process of evolution. The way
'in which evidéﬁtial_support for a cladogram is a§§;§§eq is by
determining the number of homopl%@les. The cladogram

’ requiring the fewest homoplasies is the most parsimonious and

is therefore the most likely given the set of observations., <:T
' ’

o

&
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IIL. SPECIAL METHODOLOGICAL CONSIDERATIONS IN

CAECILIAN SYSTEMATICS

yDetermining the phylogenetic relationships of caecilians
actually;requires two separate cladistic analyses,
dustomariiy, when one wishes to determine the higher level
relationships of a monophyletic group, the known ingroup
rélationships are employed in determining the ‘morphotype lor
stem species) of the group (Novacek 1980), whichii; then
combared to the potential sister groups. The morphotype is
simp{y tbe totality of plesiomorphic features, It may or may’
not be coextensive with any known member. Conversely,/if one
wishes to estimate the nature of the stem speci¢s of a
ﬁ;nophyletic group, or resolve the ingroup relationsfips, the
known or presumed sister group is employed in ascribing
polarity to ingroup characters. The particular problem in
caecilian systematics is that neither the morphotype nor the
primitive sister group is known. Hence cladistic apalyses of
both the ingroup and the outgroup are necessary gnd they must
be performed sequentially. The ingroup analysis will be
performed first. From if; the cranial anatomy of the stem
species caecilian wil inferred. The stem species
caecilian will then be compared to the potential sistg;
groups. It is of particula; importance that the ingroup
analysis peither presupposes’ﬂor predetermines the outgroup

results, and vice versa. This requires some methodological
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modifications to the techniques outlined in this chapter.

Previous studies of caecilian relationships, both outgroup -

and ingroup, have ;ot paid due attentidn to this problem,

Modifications of Outgroup Comparison

The outgroup method was discussed above as a widely

used and powerful technique for ascribing polarity. Despite

its apparent robustness it does presuppose knowledge of th)e'

primitive sister group in ordrr that ingroup polarities can
be resolved (Stevens 1980). In the case of caecilians,
though, the sister group is not known. Clearly, the reguired
progression from known (sistér gxoup) to unknown (polarities
of ingroup characters) is the rewverse of that outlined above
for outgroup analysis, where ascription of polarity must
precede designation of a sister group. R

The fact that the outgroup chosen predetermiﬁes the
polarity of characters, which in turn is used to designate a
plesiomorphic sister group, has been.overlooked in taxonomic
studies of caecili#ns thus far. When utilized in this manner,

there is an inherent circularity in outgroup comparison. As

-an example, should the investigator schoose to assign a

lissamphibian or protolissamphibian outgroup as have Parsons

‘and Williams (1963), the fenestrated (open) condition of the

skull would be taken as primitive (Wake and Hanken 1982).
Conversely, if Paleozoic microsaurs are nominated (Carroll
and Currie 1975), stegokrotaphy (the closed-skull condition),
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éould just as correctly be chosen as the primftive state.
These are equally plausible, if opposite, designations of .
polarity but in each case the outgroup chosen p:oac:ibes the
eventual designation of the other as the sister group.
Notwithstanding the problems that outéréup compar ison

pose to the type of study proposed here, the method is

'sufficiently robust that with some modification it can be

used in establishing polarities for the purpose of stem
species reconstruction. In cases such as. this, where there
are a number of hypothesized sister groups, outgroup
comparison can be salvaged by making two modificationa. First

one need only assume a higher level relationship (Nelson

¢’A‘X\13}3) rather than a sister group :elatidnship, thereby

designating a larger than usual -outgroup and, second,

restrictions must be placed on the types,;f character; that
outgroup comparison can be used to polarize. I shall attempt
to explain these modifications in some de;gil. :
Modl;ication l: For the purposes of this study, the
phylogenetic assumptions will be: 1) tetrapods are a
monqphyletic assemblage (Szarski 1977), 2) rhipidistian
crossopterygins are the plesiomorphic sister group_of the
tetrapods (Holmes 1985), Within thege gssumptions,,the
anamniote tetrapoés minus caecilians are the most appropriate

outgroup for both the character analysis and the subsequent
. >
designation of sister groups, Thus, for any clinal character

within caecilians, that state present in the anamniote

tetrapods can be taken as the primitive condition for

o

.

caecilians.
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It'might be argued that the ‘anamniote %:etrapods' min‘ps
caecilians encompasses such a diversity of forms that almost
all caecilian character states, both primitive and derived,
would be represented in one outgroup member or another, and
thmat those character polarities that could be resolved would
simply be tetrapod plesiomorphies 'shared with rhipidistians.
An enumeration of tetrapod plesiomorphies would appear to be
31’3 little assistance to a taxonomic study of such a derived
group as the caecilians. These problems can be circumvented.
The choice of this outgroup is defensible for two reasons.
Given the assumptions about tetrapod relationships, the
anamniote tetrapods are the most exclusive outgroup known: 1)
to encompass the proposed sister groups and, 2) to form a
s.ister group relationship with the lineage in question. The
validi;y of the latter point, that a group and its outgroup
should constitute a natural assemblage is self evident. That
the outgroup should encompass all proposed sister groups is a
special requirement of the problem at hand, anq regquires
further explanation. Normaliy in a procedure where outgroup

comparison were employed, the oupdroup would circumscribe the

set of possible sister groups (usually a sey

¥

group falling outside the outgroup could not
pote/ntial}ister group. The specific prop*€m as formulated in
this study is one of “comparing the relatfve likelihoods of a
number of alleged sister grb‘up relationships. As the
anamniote tetrapods are the most exclusive taxon that

includes all proposed sister groups, it is the appropriate
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outgroup.

Modification 2: Notwithstanding the legitimacy of the
anamniote tetrapods as the ._outgroup, the 1nheren~t
circularities have not yet been removed. Furthermore ’1t still
leaves us with a huge and unwieldy outgroup. The tendency for
the outgroup method to resolve only tetrapod plesiomorphies
introdu‘ces a bias in the character analysis. This bias would
favour the most plesiomorphic putative sister group when
later ascribing relationships. Once again to use the example
og skull fenestration, assume that lissamphibians are a
natural assemblage, and that the open skull condition is a
lissamphibian synapomorphy, making zygokrotaphy plesiomorphic
for caecilians and stegokrotaphy derived. The type of
outgroup analysis advocated here would result in the reversal
of the true polarity, i.e. the closed condition of the skull
would be taken to be primitive on €lte basis of thte closed
(stegocephalian) skull of the primitive tetrapods. The opSn
skull condition would be taken as an apomorphy shared between
anurans and salama‘nders but not with caecilians. Zygokrotaphy -
in caeciliansa would be seen as convergent, thereby obscuring

the true polarity. For this wveason a caveat is required: no

character state can be designated as the primitive caecilian

condition by application of the outgroup rule unless it is

present, or is universally absent, in all proposed sister

oy
groups. In the above example the condition of the skull roof

is disdallowed. This stricture substantially reduces the

4

number of characters available for%utgroup analysis but it

is necessary in order to preserve the objectivity of the
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In effect, the modified outgroup procedute serves
only t:'enumefate four categories of charaqters (fig. S5a): 1)
tetrapod plesiomofphies of caecilians shared by all proposed
sister groups, 2) tetrapod plesiomorphies of caecilians
shared by none of the proposed sister groups, 3)

-

synapomorphies of caecilians and all proposed sister groups
above the level of primitive tetrapods and, 4) caeciliaé
autapomorphies. The types of characters that can be polarized
are uninformative in re\solving the relationships between the
potential sister groups (A,B,C,D) and the ingroup. The fact
that these characters do not have any information content in
resolving relationships between outgroups, ensures the
method's objectivity in establishing polarities of the
ingroup, without predetermining sister group relationships.

Modification number two also explains the necessity
of lisﬁting the number potential sister groups to bé
considered. In Figure 5a, the potential sister groups (A,B,C,
and D) are.depicted as represenéing a polychotomy. This is
not an hypgkhesis of their interrelationships, rather it is a
graphical convention designating that their interelationships
are not known. Their true phylogenetic relationships can-be
any possible permutation, as long as all groups are
connected, directly or indireétly, to the main axis (the line
extending from the root to the ingroup).

When the condition found in the ingroup is variable,

three of the four types of characters that the outgroup
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Figure 5. The modified outgroup argument. Taxa A,B,C and
’ D are potential sister groups of the ingroups,
whose 1interrelationships are unknown.

A. Characters with the distributions given

“ for 1,2,3 and 4 are the only types of

characters that cdn be polarized by this

outgroup comparison. NMote from the

distribution of character states that these

\ charadters have no information content in

discerning relationships between the

outgroups. 0G=outgroup IG=character state in

, stem species of ingraup.

' B. The effect on ingroup polarity
determination of the addition ofan extra
potential group E. As for A, where E.
IG=distribution of character states within
the ingroup. 1' and X" are alternat
apomorphic states of character 1.

. -
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comparison can resolve are directly affected by the number of
potential sister groups choseﬂ. These are characters 1, 2 and
3 in figure 5a. If an extra unknown group (E) were added that
had the plesiomorphic state for character 3 (fig. 5b), gﬁcn
character 3 could not be used in the analysis, not because
taxon E would be linked with the ingroup, but because on the
basis of taxon E, character ‘3 would be discounted .as a
possible apomorphy of A,B,C and D with the ingroup, whether
or not the apparent zero states in E and the ingroup are
homologous. This is the same argument given earlier for
disqualifying the character of skull roof condition in
caecilians from outgroup comparison, If taxon E (fig. 5b) had
an aléZrnative apomorphic state of cﬁaracter 2, character 2
would be disqualified because the condition in the stem
species of the ingroup could not be discerned. And similarly,
if taxon E were to ‘possess the the same apparent apomorphic
state of character 1 as found in some ingroup members, then
the apparent apomorphic states (1) would be taken as being
homoplasies and the zero state of the ingroup taken as
primitiGEﬂ\thésfr or not the 1 states Af E and the ingroup
arebthe resul t of common ancestry.

The foregoing discussion shows thgp any character fér -
which all the potential sister groups do not share the same
character state is totﬁe disqualified. The addition of an
" extra potential sister group diminishes the probability that
this condition will be met by any character. Every character
for which the condition is violated by the addition of an

extra sister group is one less outgroup character that can be
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vtilized in polarizing ingroup characters. l':‘or: that reason
it is advisable to restrict the set of potential sister-
groups. \

In circumscribing the set of potential sister groups,
1 have relied upon previous hypotheses of caecil;‘tan/‘
relationships. As discussed in chapter I, there are a number
of studies that document the characters shared between

caecilians and a variety of other tetrapod groups, and

. propose their close relationships. All of the group‘s that 1I

have chosen as plausible sister groups of caecilians have

been proposed as such by previous authors. For each group,
one or more of the following three conditions obtains. 1) The
proposed group has been hypothesized to be an¢estral to, or
the primitive sister group of caecilians. 2) The proposed
group and caecilians are hypothesized to be members of a
monophyletic group whose interrelatl@.&g‘hips are not resolved.

3) The proposed group is part of a cladogram, and is the

sister group of a monophyletic group containing caecilians,

where caecilians are the si ster group of all other members.
(unless the proposed group is the outgroup that has been used
for ascribing polarity). The criteria for sister group choice
do not imply that this study intends to test* the relative
merits of all previous hypotheses. Rather, t,he criteria
themselves were chosen to delimit the set of groups with the
highest likelihood of being the caecilian sister groups,
bqaeq on wt'{at is known of their_ cranial anatomy. The
arbi trary addition of any other group would tend to undermine
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_thé strength of the inference made about the nature of t‘ho’

O

-

primitive caecilian.

o

Congruence Method

L]

The principle of congruence was formulated (although
not so named) by Kluge and Farris (1969). It claims that
"([tlhe primitive state is likely to be associated with states
of other charaft;.ers known from other evidence to be

). It is considered distinctly less robust

primitive” (pg. ’?
than outgroup comparison and the statigraphic sequence of
characters by most authors. Although it has fallen into
disrepute with most systematists (deJong 1980; Stevens 1980

Q and references therein), I shall reformulate and employ the
congruence principle as a secondary method. Itﬁ utility comes
in further refining the reconstructed stem species and in
fur ther resolvming ingroup relationships. It can be used only
after a stem species and, if different, a most primitive
known ingroup member are designated. As a secondary method it
can not overturn any polarities arrived at during the
morphotype reconstruction.

Sporne (1948, 1956) showed empirically that the
inferred primitive states of characters were significantly
more likel%r to be found with other primitive characters than
with derived characters. This he called the 'principle of
correlation.' Unlike previous authors, Sporne: interpreted

o this simply as a reflection of th\g fact that in any

monophyletic lineage there is at least one member that
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possesses only and all plesiomorphies for that lineagq:
Whereas the prébability of plesiomqrphies being associated .is-
a necessary condition of phylogenetic relationships and will
obt:in in a monophyletic group, the same is not true of
apomorphies.

The rationale for employing what I shall call the
congruence principle is similar in some respects to Sporne's
probability dargument. If morphotype construction decisively
favours one ingroup membeér as being close to the
plesiomorphic condition, then the supposition can be made
that the character states that it manifesEs, in addition to
those resolved by stem species reconstruction, are also

primitive, It functions essentially by designating the

morphot;ke and, if éifferent, the most primitive known member

1ﬁﬂ% new outgroup and the rest of the lineage as the ingroup.
/////’//—It requires the assumption of no transformation betweea the

dmember for the

morphotype and the most primitive known
character in question. 1In this regard it is as robust as
outgroup compaFison. It carries the same assumptions as
ouigroup comparison and is qndermiﬁéd by the same conditions
’QET:?-that an inappropriate outgroup is chosén, that the
character state in the outgroup is an apomorphy, or the
character transforms between the outgtaub and the ingroup).
It is less robust than outgroup comparison only to the extent
that it invqlves two inferences of polarity applied
sequentially. The first can be eitheé a stratigraphic

sequence argument or an outgroup argument. The second is, in
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effect, an gutgroup argument, The soundness of the second
3

argumenE\(congruence meth i predicated on the soundness.
of the first. In light of the restrictions placed on outgroup
comparjsons for this studyy, there will be a number of

digéualified characters that can be polarized by this method.

a

IV. SUMMARY

RN

A phylogenetic analysis is performed in four stages.
The assumptions ‘are first outlined. The taxa in question are
divided into characters. }he characters are polarized.
Cladistic groupings are the: made from the shared
apomorphies. As such the method of EIadistic analysis fits
the paradigm established by Descartes for conducting
scientific enqﬁiry: ‘ . |

The critical stage of cladistic analysis is thaﬁ of
ascribing polérity.lfhe outgroup method and the stratigraéhic
sequence of charaétérs are designated as the correct methods
for polarizing gharacters of instantaneous morphologies.

Caecilian systematics actually poses two distinct
problems, one of discerning ingroup relationships and the
other of determining outgroup relationships. Neither
analysis, 1ngrouplnor outgroup, must be permitted to
predetermine or presuppose the results of the other. In light

of fhis, the outgroup method for polarising characters
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of ascribing polarity, the congruenée method, is adapted for
o the purpose of reconstructing the putative stem species and

further refining ingroup relationships.
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that tetrapods are monoph&letic, and 2) that)all groups
employed in the analysis are monophyletic.

An infroduction to the anatomy and classification of
caecilians will be followed by an overview of the anatomy,

classification and stratigraphic range of the proposed sister

’

groups.
" \/

1. CAECILIANS

Caecilians are the least well known of the modern
amphibian orders. They are éantropical in their geographic
distribution. They ‘dre usually fossorial or semifossorial but
one family, Typhlonectidae, is entirely aquatic. The body is
extremely elongate, with a large number of annuli. There are
no traces of limbs or girdles. The vertebrae are unipartite,
and unique in their possession of paired odontoid-like

processes projecting anteriorly from their ventral margins.
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The highly derived cranial anatomy is structurally and

functionally divergent from that of ény other tetrapods.

Cranial Anatomy

Several thorough descriptions of caecilian cranial anatomy
are available (Weidersheim 1879; Marcus et al 1935;
DeVilliers 1932, 1938; dejaeger 1938,1939a,b,c; Ramaswami
1941, 1948 a,b; Brand 1956; Els 1963; Visser 1963: Taylor
1969). Straub (1985) gives a coqdkse review of the
descriptive literature. Thus, I shall provide only a general

overview. '
In general appearance, the caecilian skull is small

and~ terete. It tapers gently anteriorly from its widest point
ax the craniomandibular joint, usually ending in a rounded or
slightly flattened snout. Loss and fusion of elements is a
major feature of caeciliaﬁ cranial anatomy. The posterior
border of the skull table is formed by the large paired
parietals. There is no parietal foramen. Paired frontals are
fbunddanterior to the parietals. A mesethmoid element may or
ﬁay not intervene between the paired frontals at their
anterior extremities. Paired frontals and parietals are
present in all caecilians (Figure 6). Here the uniformity of
the skull roof ceases. The rest of the dermal skull roof is
highly variable between genera. The anterolateral portion of
the skull roof is usu;;ly formed b; a nasopremaxilla, which is

thought to incorporate the nasal, premaxilla (as the name

implies) and sometimes the septomaxilla., In some genera all
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Gymnopis multiplicata CNHM 15026
cale bar = 1lmm
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_b'y the maxillgpalatir;e and vomer, is developeci to a degree not

\xthree elements are separate and border .thé& external naris. In
Y

others, the septomaxilla is fused with the nasopremaxillary

unit, A combinatio; of the maxilla and palatine; the
makillopalatine, forms the lateral and ventrolateral (palatal)
portion of the skull. Fusion of the maxilla and the palatine
is universal in the order. Brand (1956) thought that they were

‘discrete elements in Scoiecomorggus, but this is evidently not

so (Nussbaum 1985). The maﬁgllopalatine may or may not include
the prefrontél. The prefrontal, when present, if a larger
structure than its counterpart En most tetrapods. Behind the
E?naxillépalatine is a large cheek unit called the squamosal. It
usually réaches from the parietal dorsally to the ventral

cheek margin, but there are exceptions such as Rhinatrema and

ggiérionogs (Nussbaum 1979a). The cheek unit is bordered
posteriorly by a lateral exposure of the quadrate.’

A fenestra sgmetimes intervenes between the squamosal
and the parietal. It is often quite extensivé and in one
family, Rhinatrematidae, permits the extrusion of the_ jaw
‘adductor musculature. As will be discussed, the nature and

-

signif;Zance of‘this fenestra dre the subject of considerabfe
controversy (fig. 6).

The palate of.caecilians is highly derfved ing. 7).
Most conspicuously, tﬁere are two well developed rows of
teeth separated by a space. The late,r.aql row on the
maxillopalatine and nasopremaxilla corresponds with the

mqrginél dentition of other tetrapods. The inner row,’ shared

A
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Figure 7.

—

Caecilian skull dorsal view.

Gymnopis multiplicata CNHM 15026
Scale bar = lmm.
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Figure 8. Caecil.ian skull, lateral view (Top) and
posterior view (Bottom)
As in fig. 6 and 7
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seen in other tetrapods. The vomers are large, belng the only

other dermal elements in the anterior portion of the palatg.
The internal nares are bdf¥dered either by the vomer alone or
by the vomer and maxillopadlatine but are peculiarly 1located,
‘
being mesial to the inner tooth row. The pter goyd is
variously fused to the quadrate or distinct, i:i\}%$gur
condition being the most common. In one family, the
Scolecomorphidae, the pterygoid and quadrate are fused as one
unit with the stapes (Brand 1956).

The braincase posteriorly is a single. ossified unit,
tpe os basgle. There gre two occipital condyles. The large
cultriform process tapers rapidly anteriorly, usually endiﬁg
in a point between the vomers. Two large fenstrae ovale open
laterally on the otic capsules. Tge stapes has a large
footplate and a style that continues anterolaterally to appose
the suspensorium.

The connection of the braincase and the
dermal skull and quadrate ventrally is highly derived in
caecilians(deJager 1939c; Ra&!swami 1942). K%synovial joint
usually exists between the pterygoquadrate (o% pterygoid) and
the os basale. Another synovial joint occu;g between the
qﬁadrate and the distal end of the stapes qtyleZings. 7 and
8). These joints permit considerable mesiolate;al kinesis
between the postgrior‘portion of the cheek and the braincase
(PeVilliers 1936; Straub 1985). This type of kinesis is

©

unique to caecilians.

R b e e WY -

The orbit is sométimes completely occluded by bone

(figﬁ'). When it is open, it {8 unusually small. It-is most

4
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Figure 9. Typhlonectes. sp. An open-skulled,

c caeclllan Redrawn from Taylor (1969a).
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& often defined by ’'the maxillopa’latine or by the
P maxillopalatiné and the squamosal. The alternative to those
two states is therresence of a small ring or crescent of
bone around the orbit called the postfrontal.
) While vision seems to have been de-emphasized in
caecilians, a novel sensory structure called the tentacle has
been elaborated. The tentacle is a é;ctile organ that exits
the skull usually anterior to the orbit. It is a combination
of the Harderian gland, the ngsolacrimal duct, the M.
retractor bulbi, and Jacobson'ds organ (Badenhorst\l978). I‘i: is
uniquegto caeciiians, having no analogue in any other
tetrapods. . -
Another unique, highly derived system is found in the
caecilian lower jaw/jaw musculature complex. The loéower jaw is
extremely solid, built of two strong bones, the pseudodentary
and pseudoangular, joined by a long transverse scarf joint
R just Snterior to the quadrate condyle. The pseudodentary
extends posteriorly far beyond the jaw joint’ as a huge
retroarticular process. The process is often inflected
mesially or dorsally (or both). The adductor chambre of most
caecilians is severely confined by the skull roof. Uniquely
in caecilians, the gular musculature, the M. interhyoideus
posterior, augments the standard adductor by pulling downwards
(and inwards) on the retroarticular process, closing the jaw

in the manner of a first order lever (Nussbaum 1983). The

unique gular musculature is frequently quite large and

’q”fs,l

originates on the fascia of the outer trunk.
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The jaw and jaw musculature appear to constitute a highly

complex, and strange functional suite of features. It varies
in its morphology both ontogenetically and phylogenetically
but is fully formed in all species. There do not appear to be
any adequate morphological inéermediates between the condition
found in caecilians and the coﬁdition found in other tetrapods
so it has been difficult to determine in what manner, or by
what selective pressure, this sjstem has come about. It is
often thought to be associated with the extremely small size
of the caecilian skull. '

]
The fossil record of caecilians is meagre to say the

least. Two vertebrae, one from the Paleocene (Estes and Wake

1973), ang one from the Upper Cretaceous (Maastrichtian) (Rage
1986) have been positively identified as caecilian., They are
essentially modern in structure and demonstrate only that the
gymnophionan vertebral pattern had already been established by
the late Cretaceous. o

I must avoid any charges ofciféingenuousness by stating
my knowledge of some presumed fossil caecilian skull material
from the Kayenta formation (Liassic, Lower Jurassic) of
Arizona. It has been éenéatively identified as caecilian by
Dr. A.L. Panchen (Pers. comm.). I have seen this material and
concur with Dr. Panchen that it appears to be caecilian,
essentially modern in aspect. The material has not been used
here in genérating hypotheses of character polarities except
to extend the stratigraphic range of the order. Based on the

discussion of the paleontological criterion , I consider that,

when described in detail, these specimens wil{mézfvide
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independent tests of the character phylogenies derived by

other methqds.

Classification
) [

The first recognized caecilian genus, Ichthyophis, was

described by Linnaeus in 1749 (cited in Lescure 1985). Since
then, in various configurations of higher taxa, caecilians

have been allied with f£ish, snakes (as members of a group

comprising 'legless amphibia'), and reptiles. The modern

conception of the caecilians as a distinet order began with

3

! the creation of the Order Gymnophia by Raffinesque-Schmaltz in

1814 (cited in Lescure 1985). The name was later emended to O.
Gymnophiona by Muller (1831). The recognition of this
assemblage as a component of the Class Amphibia, as distinct
from the Class Reptiii;, followed in 1825 with the publication
-ofwa%monograph by Gray. In this same work, the first of the
modern families, the Family Caeciliidae, was erected. The
Caeciliidae of Gray is a slightly different assemblage from
that of the same name proposed most recently by Laurent (1984)
and very different from that of Lescure et al (1985). Gray's
Caeciliidae encompasseé all known for&s and in fact continued
as the sole caecilian family for almost one hundred and fifty
years.

. The modern trend in caecilian classification is marked

by a proliferation of higher taxa and taxonomic ranks. Its

inception came with the painstaking descriptions by Taylor
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(1968a). Taylor (1968a) erected two new families by removing

two genera, Ichthyophis and Caudacaecilia, from the

Caeciliidae and uniting them in the new family Ichthyophiidae.
The family Typhlonectidae was created to differentiate the

aguatic forms Typhlonectes, Potamotyphlus, Chthonerpeton and

Nectocaecilia. Later (Taylor 1969a), the genus Scolecomorphus

was raised to the family level (Scolecomorphidae). In a
further study (Taylor 1969b), the_:eﬁéiﬁing caeciliids were
divided into two subfamilies, Caeciliinae comprising Caecilia

and Oscaecilia, and the Dermophinae encompassing all other

genera.
Further refinementS on Taylor's classification scheme
have been added by Nussbaum (1977, 1979a). Two genera,

Rhinatrema and Epicrionps, were removed from the caeciliids

and placed in a new family Rhinatrematidae (1977). The size of

the caeciliidae was further diminished by thé removal of the

genus Uraeotyph}us (Nussbaum 1979a), which was placed in the
family Ichthyophiidae as a monogeneric subfamily
(Uraeotyphlinae). This change required the formation of the
subfamily Ichthyophiinae to accomodate the already existing
ichthyophiids. fhese alterations left the order divided into
five families, Rhinatrematidae, Ichthyophiidae, Caeciliidae,
Typhlonectidaé, and Sco}ecomorphidae. Two families are further
divided into subfamilies. The Ichthyophiidae contains twe
subfamilies, Ichthyophiinae and Uraeotyphlinae. The
Caeciliidae comprises the subfamiliés Caeciliinae and
Dermophinae.

The last few years have seen a resurgence in the alpha-
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level taxonomy, and the classification has been further
split. The formerly monogeneric family Scolecomorphidae was
divided into two éenera (Nussbaum 1985). The subfamily
C;eciliinae was expanded to include the new genus

Minascaecilia (Wake and Campbell 1983), as well as the

,formeiiy dermophine genera Microcaecila, Parvicaecilia (as

suggested by Savage and Wakg<f§92) and the members of the

invélid genus<:opeotyghlus'(Nussbaum 1979b). More recently,

Laurent (1984) raised the subfamilies Dermophinae and
Caeciliinae to family level, although his conception of the
make up of the;e two groups differs from that of Wake and
Campbell (1983). Lescure et al (1985) added a profusion -of
higher taxa in their attempt'to generate a cladistic
classification of the caecjlians. In total, they generated 67

suprageneric taxa (beloﬁ the level of order) at 12 different

.ranks, all within two suborders,

It is difficult to present the definitive classification
of an order that h;s gone from containing a single
suprageneric taxon (one family) to.67 (in 12 ranks) in 18
years. I have ‘tried to adhere to a fairly conservative
classification system here, one that conforms most closely-to
Nussbaum's (1979a, 1985) and Wake's (1985), recognizing that
additional refinements are in order. I have followed the lead
of Laurent (1984) in treating the Dermophinae and Caeciliinae

at the family level (Dermophidae dnd Caeciliidae), thereby

abandoning the original concept of the Caeciliidae as

unifying these groups. They appear to be sufficiently easily

)
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distinguished from one another (Taylor 1969c; Laurent 1984)

that this is justifiable. Should they prove to constitute a
~ monophyletic group, they could be accommodated in a new
Superfami}y Caecilioidea, or resume their status as
subfamilies of the Caeciliidae. Subsequent studies will
probably further divide the Family Dermophidae. Additionaliy,
I have taken licence to treat the subfamilies Ichthyophiinae
and Uraeotyphlinae as distinct entities, as have Duellman and
Trueb (1986) rather than consider them collectively under the
family Ichthyophiidae, because the latter subfamily had been
moved en masse from one family (Caeciliidae gensu Taylor) to
another (Ichthyophidae) (Nussbaum 1979a).

Although I treat the interrelationships of these
groups cladistically, I do not fegl impelled to follow the
convention outlined by Griffiths (1976) and adhered to by many
cladists (McKenna 1975; Lescure et al 1985) in which each
dichotomy is assigned a taxonomic rank, either numbered
(Griffiths) or named (McKenna). McKenna (1975), while
' defending-his use of this convention, admits its shortcomings.
" He refers to the "bﬁgaboo of instability”" (pg. 22), meqning
that addition of any new taxon requirés a complete
_rearrangement of the classification scheme. He 3150 admits to
the' necessary proliferation of taxonomic ranks, but is rather
more sanguine than Panchen (1982) about the actual number
required. My opinion on this issue is that if the primary
function of classification (in contradistinction to phylogeny
-reconstruction [Kitts 1978]) is one of xnformition storage and
retrieval, the proliferation of'}edundant taxonomic r;nks is
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TABLE 1

CLASSIFICATION OF LIVING CAECILIANS

FAMILY CAECILIIDAE (24 gen
SUBFAMILY CAECILIINAE
Caecilia
T ——— y .
Microcaecilia
Minascaecilia
Oscaecilia

Parvicaecilia

SUBFAMILY DERMOPHINAE
Afrocaegilia
Boulengerula
Brasilotyphlus
Cryptopsophis

Dermophis
§eggneogﬁis
Geotrypetes
§£§nd§sonia
Gymnop1ls
Herpets.
Hggogeoghis 2
Idiocranium
Indotyphlus
Luetkenotyphlus

Mimosiphonops
Praslinia

gseudosthonops

Schistometopum

Siphonops

L]

FAMILY ICHTHYOPHIIDAE (3
SUBFAMILY ICHTHYOPHIINAE
Caudacaecilia
Ichthyophis

SUBFAMILY URAEOTYPHLINAE
Uraeotyphlus

FAMILY RHINATREMATIDAE (2
Epicrionops
Rhinatrema

era)

(5 genera)

(19 genera)

genera)
(2 genera)

(1 genus)

genera)'

K




T -

‘;%

PAMILY SCOLECOMORPHIDAE (2 ggnera)
, Cxotaphatrema ~
Scolecomorphus

FAMILY TYPHLONECTIDAE (4 genera)
Chthonerpeton
Nectocaecllia
Potamotyphlus
Typhlonectes

-SOURCES: Nussbaum 1977, 1979a,b 1985

Taylor 1968, 1969as
Savage and Wake 1982

o Wake 1985
Wake and Campbell 1982
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Figure 10.
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e 1

Two curwély accepted ingroup phylogenies
of the caecilians A, from Nussbaum (1979). B.

from Duellmanm and Trueb (1986:466)
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" unneceslarily cumbersome. A classification of taecilians is »
Y RN : ' v
given in Table 1. x : T\ !

2 "
Sy

The Skull Roof Controversy -

A brief discussion of a current controversy in caecilian

\ .
systematics will serve to illustrate the importance of
discerning the’ primitive from the derived features of the

of

caecilians. The inability to distinguish primitive from
derived is an impediment not only to an ur;derstandi

ingroup relationships, 'but also to outgroup relationships.
"The jority of% previous studies of caecilian

-systemaZi/::dis’cuss the structure of,the skull roof as an

< important 'cha:racter or, suite of characte'rs. The skull reofs

of anurans, uro;ieléé and lysorophoids are widely fenestrated’

Y -

» (gymnokrotaphic),. In-1living  forms the fenestrations of the
. - . - : - \ -
. , skull permit-the Bxpansion of the adductor musculature of the -

LY
lower jaw through.the.skull roof. It is presumed also to have

been the condition.i.n 1ysorophoids (Wellstead 1985).
Microsaurs and nectridians, like primitive labyrinthbdonts,
. * have solidly closed (stegocephalian) skull roofs.

The caecilian skull roof exhibits variability in this

-

§ respect, An open skull conditiopn (zygokrotaphy) is found in
: . four ouf of the five currentlfl&cﬁgnised families (Nussb&um
. o 1979a) (fig. 11). The closed skull roofy(stegokrotaphy) is

more widely distributed among genera. When present, the

: A J % . !';‘ * - 60 : '
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Figure 1il. Open-skulled (zygokrotaphic), caec1TQEns. A. .

E%icrionogs, a rhinatrematid.
.o colecomorphus, a scolecomorphid. C,
- Typhlonectes, a typhlonectid. A redrawn from
Nussbaum (1977), B and C redrawn from Taylor
" (1969a). o .
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s

fenestration occura be::ween ti':e parietal and SQ‘Uamosal units. ' y
In all stegokrotaphic caecilians ‘the parietal squamosal
suture is weak (Wake and Hanken 1982). There are mtermedlates
between the typical zygokrotaphic and~ stfegokrotaphic
conditions. The presence of the closed skull roof eondition

haa *‘been adduced ag evidence oﬁ caecil ian reIationshlps to the

microsaurs (Romer 1945; Gregory et al 1956; Schmalhausen .
/

. 5 " . o
1968; Carroll and Currie 1975). Alternatively, the 1
roof has been cited as evidence of the relation hip of

{ , -
caecilians to anurans and urodeles (Parsons and Williams

'1963; Nussbaum 1977; 1979a) and to lysorophoids (Moodie 1969; 1

Eaton 1959; and Nusébaum 1983). Clearly it is important to

o2

- & L "determine the polarity of the skull condition in caecilians“

— _before it can be utilised in ascribing relationships' of the ’

-

]

- group. The structure of the skull roof in living amphibians
- 3

is of-considerable systematic and functional significance
A\ - .

(Carroll; and Holmes 1986); ‘its implications for the taxonomy,

and “functional morphology of caecilians will bg discussed in

-

somé detail. .. .




II1. PROPOSED SISTER GROUPS

LS -
The criteria for the choice of the potential sister

groups of caecilians were Qutlined in chapter two. The purpose

1of establishing these criteria was to delimit the set of
probable potential sister groups, while af the same time
excluding unlikely groups from the analysis. The grqups that

meet these criteria are the a!stopodé, nectrideans,

/ o .
lysorophoids, gymnarthrid and goniorhynchid microsaurs,

dissorophid teﬁnospondyls, anurans and urodeles.

Alstopods
The a!stopods~ére the oldest of the lepospondyl groups8.

- Phe earliest -known member dates from the Visean of Scotland

ca. 340 ma. (ﬂellsteaé 1982). The most recen€”a!stopods have

been ‘found in the Lower Permian of North America (Arroyo

¢

(fo;matibn ca. 270 ma). Although they are represented by only

five genera, there is a considerable dgyérsity in cranial
aﬁatomy*within_the order (fig. 12)., The five genara are

distributed into three families: Lethiscidae (Wellstead 1985)

comprising the' Visean genus Lethiscus,.Opbiderpetontidae {

,which; while contaihing oniy one genus, probably encompasses

most of the known specimens, and Phlegethontiidae, which

currenti;'contains three genera, Phlegegpontia (including

‘ Ddlfchosdma), Aornerpeton, and Sillerpeton (Lund 1972).,

~ s
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; Pigure 12. Alstopod skulls. Top left Lethiscus, dorsal
view (Redrawn from Wel lstead 1982% Top

4 _ right Phlegethontia, dorsal view (Redrawn

from McGinnis 1967). Bottom Ophiderpeton,
Redrawn from Bossy (1976).
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. Afstopods have algenergl appearance not unlike
caecilfans. They are limbless and.elongate, some with 100 or
more vertebrae. Most of the characters that diagnose the
group are postcranial,*Baird (1964, 1965) lists six common
elements of the rib, vertebral and hyoid structure that unite
all genera. A general description of the features of thF

-

skull is possible despite its variability between genera. In

]
palatal or dorsal view it describes a long isosceles triangle

with its apex anterior. The che®k region is fenestrated in
all genera but the ventral margin is cSmplete. The skull roof
of Lethiscus exhibits a full complement of 'circumorbital
bones as well as distinct parietals, supratemporals, tabulars
KN and a large median postparietal. The palate and the
§raincase, as inferred from X-rays, apééar similar to the
‘primitive - tetrapod condition as seen in early temnospondyls
(Wellstead 1982). Vo

Thé cranial structure of the better known families

.~ Phlegethontiidae and Ophiderpetontfidae is divergent from that

of Lethiscus. The skull of Ophiderpeton is considerably

. " narrower than that of Lethiscus or phlegethontiids. The
quadrate condyle is in the primitive tetrapod location,
apprpxématély at the level of the occiput, or slightly behind
it. The orbits are exceedingly sPall and are located
d ‘relatively f;r forward in the skull. There appears to be a
~ full coﬂplemqnt of circumorbital elements.‘The cheek is
; 'elongatd“anh widely fenestrated . It is f;irly apparent from
G ' ‘" "the numb&r of small osteoderms that cover the opening that the

jaw adductor musculature did not extrude though the cheek

4
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(Bossy 1976). The braincase, to the extent that it is known,
is of the pr1m1t1ve tetrapod type. The cultriform process is
1ong and slender and the 1nterpterygoid vacuities are narrow.

By far the best studied alstopod group is the
Phlegethontiidae. The phlegethontiid skull is markmﬂby‘khe,
loss and—%usion of ;1ements, particularly in the posterior
portion. Some of the designations of the skull elements are
disputed. 1 h;ve chosen to foldyow primarily McGinnis (1967).
The frontals aré usually fused.bilaterally, and send two
posteriorly directed léppetb~to surround the parietal foramen,
when present (Steen’ 1931, 1938). There is no distiect
parietal. It is-usually taken to be fused to the frontal
(McGinnis 1967), or to be incorporated into the roof.of the
braincase (Gregory 1948: Turnbul; and Turnbul.l 1955L,There
are no elements behind the parietal. There is a large cheek
fenestratidn bordered anteriorly by the postfrontal,
postorbital apd Jugal (but see Lund 1972), ventrally by the
jugal and quadratojugal, and posteriorly by the squamosal. The
squamosal has a unique triradiate structure and is thought by
‘Lund (197&) to have been highly kinetic. The craniomandibular
joint is conspicuously anteriorlydlocated, being just anterior
to the foremost portion of the anterior semicircular canal.
The lower jaw in ;!stopods has two compound elements that meet
at a large, oblique searf joint, #

The description of alstopod braincase structure is taken
from the pglegethontiids. A single beautifully preserved
specimen froﬁ'the Fort Sill locality is described By McGin?is

* ' ~
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“(1967) (fig. 24c). The braincase has undergone complete

1

fusion. Its occipital surface is unique in possessing a
single, well formed notochordal pit as the craniovertebral
joint. The fenestrae ovale are extremely largé and open
ventrally. The phylogenetic gffinitiés;of alstopods are
puzzling. Most authors have refrained from allying them with
other groups. Rpart from being aésociatgd with the caecilians
(Marcus et al 1935; and in part Gardiner 1982), they were
considererd by Romer to be reiated to lysorophoids (Turnbull
and Turnbull 1958). Bossy (l1976) considered them to be
closely related to the nectrideans.

LY

Nectrideans

Like the alstopods, nectrideans are characterised
1arge1y by postcranial features. There are elaborate neural’
spines on the vertebrae, with accessory articulating
sur faces. The most distinctive feature“is the large haemal
spinés on the caudal vertébrae that attach to the middle of
the centra and closeiy‘resemble neur;1 arches. The presacral
series is relatively short for small P;leozo{b amphibians. All

\

have fewer than twenty seven presacral vertebrae. The 1imbs
are diminutivg, prompting suggestions thatchey were aquatic.
Nectrideans range in time from the lowermostNPennsylvanian
(Westphaliah A ca. 310 ma) to the Lower Permian. In all,
fourteen genera are grouped into three families. They are
generally small skulled, stegocephalian amphibiané. The

pattern of dermal bones of the skull roof usually approximates

the primitive labyrinthodont arrangement, though there is

~a
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appreciable variation between the three families (fig. 13).
Pexhaps the most primitive family is the Urocordylidae.:
It contains six genera split evenly into two informal

subgroups, one chzgégterized by the genus Saufopleura, the
(v

other by Ptyonius. The skull of Sauropleura is extremely long

anteroposteriorly, whereas that of Pt¥onius is soﬁewhat
shorter. The snout and skull roof are thought to have been

highly kinetic (Milner 1980).

The little known family Scincosauridae appears to be -
- !

intermediate between the urocordylids and the highly derived

keraterpetontids. - Scincosaurus has a relatively stout skull

that expands slightly pos%eriorly; There are neithér,

supratemporals nor postparietals so the skull is bordered

posteriorly by the parietalks. Scincosaurus has unusually well
deveioped limbs for a nectridean. It was probably terrestéial.

Keraterpepontids include the 'classic nect;idéansh
characterized by the dorsoqéntrally flattened sk&ll with
elaborate extensions of the squamosal. and ;abul;r (called
‘tabular horns%“. The orbits are small,‘and located gar

forward in the skull. The palate of later keraterpetontids

(except Batrachiderpeton) is derived relative to that of

urocordylids in having large‘interpterygoid vacuities. Th;

moveable basicranial articulation becomes fused. The

craniomandibular joint is far‘forward, the mandibles short.

Some possess a dorgally inflected retroarticﬁlar process

(Milner 1978). What is known of the braincase suggests that it

conforﬁs to the* type found in early labyrinthodonts, such as
f - | o )
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Figure 13. Nectridean skulls. A. Top: Ptyonius dorsal and
palatal view, Bottom: Sauropleura ( adult) and

. palatal . (Juvenile). From Bossy

1978. B. Top: Scincosaurs dorsal and palatal’

views (From MITner 1976). Bottom: Diploceraspis

dorsal and detail of palatal view (From

Beerbower 1965) Scale bar = lmm
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colosteids. There are however minor exceptions. The best known

-

braincase material is that of\fhe highly specialized

keraterpetontid Diﬁloceraspi&.nost braincase observations

will be taker from this 'desctiptign (Beerbower 1963). d
The-relationships of nectrideans are enigmatic. They
display a number of highly speq@alized features, such as the
kin&sis of fhe urocordylid skull roof and the tabular horns of
keraterpétogt;df, superimpos?d on an essentially primitive
tetrapod pattern.of the skufl. They have been associated with
tﬁz\%pthracosaﬁrs (Romer 1945) on the basis of the contact of
the tabular with the p;rietal. They have also been allied with
t;mnospondyls based on the structure of the.palate (Smithson
1552). Schmalhausen (1968; associateg the nectrideans with
alstopods, as do Gardiner (1982) and fﬁam;;n and Bossy (1970),
;nd points ;Jut tt;at these two groups were thought by Marcus et
al {I935) to comprise a monophyletic group with caecilians. It
is significant to note that in Parsons ;nd Williams' (1963)
proposal of lissamphibian monophyly, thelir presuméd

'‘protolissamphibian' ancestor was claimed to resemble

Scinosaurus more closely than any other known Paleozoic

amphibian (Bossy 1978). Schmalhausen (1968) notes that
certain authors have hypothesized nectrideans as possible
ancestors of urodeles but does not cite any studies

specifically.

Lzsoroghoids

The lysorophoids are anotﬁ?r discrete group of Paleozoic

amphibians. Like the a®sfopods they have elongate bodies

. 28
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.‘:§ . Pennsylvanian (Westphalian D) to the Lower Permian (Wellstead

«

1985%.

»~ In a recent tafonomic revision Wellstead (1985),

-

recognised four genera Brachydectes, Pleuroptyx, Lysorophus,

and Molgophis. Brachydectes is the best known.

-

Morpholqgically, the lysorophoids are less diverse th;n

alstopods and nectrideans (fig.l4). &

The lysorophoid skull is distinctive in the structure of

the cheek and suspensorium. The cheek is widely fe%estrated,

lacking postorbital bones and ventral margin. The braincase

' and otic capsule are clearly visible in lateral view. The

, suspensorium is an anteroventrélly-sloping pillar comprising

three bones: the‘tabular (which has been called the

sug;atemporal by Sollas (1920) and B&lt and Wassersug (1975))

and the sguamosal, and the quadrate. The tabular and

squamosal fbrm the outer surface of the pillar and surround

~ the quadrate for most of its length. The craniomandibular

joint is loc;ted far anteriad of the occiput. As Wellstedad

(1985) points out, it is anterior to .the basipterygoid
progess. r

In dorsal view, the dermal skull roof is made up of a.

series of paired elements: nasals, frontals and parietals.

medially. A pair of large prefrontals extends the length of

the lateral border of frontals and parietals. Most of either

posterolateral corner of the skull roof is occupied by a

@ . large postparietal (alternatively labelled the supratemporal

68 '

and\ holosponylous vertebrae. They range in time from the mid- .
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Figure 14. Lysorophoid skull. Brachydectes (Redrawn %
\ from Wellstead 1985). Bar equals 1 cm. ‘
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Bolt and Wassershg (1975)). A large supraoccipital element
exténds up from the border of the foramen magnum onto the
dorsal surface of the skull and intervenes between the‘two
postparietals. '

With the exception of thé basispheﬁoid, all the elements

of the primitive tetrapod braincase are distinct in

. 1lysorophoids. 1pe occipital condyle is a convex strap shared

by the basiocéipital and the exoccip}tals. Separate
pleurosphenoid and sphenethmoid elements are apparent.

The palate is highly derived. The ectopterygoid is
absent. The maxilla is very short. There is a well developed
row of teeth on the large vomers. The vomers are in contact
medjally throughout most of their 1enéth.The parasphenoid,
which presumably incorporates the basisphenoid, is a.wide,
flat structure in palatal view, that taperé gradually anﬁéfior
to the basipterygoid processes. The ﬁterygbids are small and
closely appressed to the lateral margins of the parasphenoid.
There is no appreciable interptérygoidzvacuity.

The mandible is very short with a correspondingly small
retrdarticular.process. The dentary, surangular, and angular
surround a large lateral mandibular fossa on the outer
surfsice of the mandible. The/mesiél surface is made up of a
prearticular and a single splenial (Wellstead 1385r.

Lik; the pre&iouslx discussed groups, lysorophoid
relationships are difficult to determine. Wellstead (1985)

aséociates’them with the microsaurs on basis of the structure

. of the craniovertebral joint. They have also been suggested

as urodele ancestors (Schmalhausen 1968) and as relatives of

: 69 :
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temnospondyls (Smithson 1982).

Microsaurs ),

Among the Paleozoic groups being analyzed here, the
microsaurs are the most common and the best known. Positivély
identified ;pecimens range in time from the Lower
Pennsylvaniaﬁ, Westphalian B (Joggins; Nova %cotia) to the
UppergPermiaa. They are small, gengrally with elongate
presacrél vertebrai columns, and have small limbs. There are
exceptions however. Some microsaurs approach the appeﬁdicular
and vertebral proportions of early reptiles (Gregory 1965;
Westoll 1942, 1943; Romer 1950). The most thorough review of
microsaur anatomy and phylogeny to date is that of Carroll
and Gaskill (1978). . .

Microsaurs &xhibit éonsiderable_yariation in skull
structure (fig. 15). The skull roof is éssentially primitive,
retaining the closed condition and a number of original
e€lements found posterior to the parietal in early tetrapods. '
Carroll and Gaskill ¢1978) recognize two suborders, the
Microbracomgrpha and the Tuditanomorpha, differentiated by the
expansion of the parietal %Microbraehomorpﬁa) or the
postorbital (Tuditanomorpha) into the area primitively
occupied by the intertemporal. All prévious hypotheses of
micrdsaurian affinities with caecilians, except one, have
identified a single family, the Gymnarthridae, as the most

likely ancestor. The Single exception is that of Carroll and

—_
L4
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. Figure 15. Microsaur skulls. A. Cardiocephalus. B.
: r~ Euryodus. C. Rhynchonkos. (Redrawn from
' arroll and Gask Y. Not to scale.
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Currie (1975) who proposed the monotyp&c family
'Goniorhynchidae as the most appropriate ancestral'family.
While there is no assurance that microsaurs as a whole~
constitute a monophyletic group, cladistic analysis ofﬁihe
tuditanomorphs has shown quite convincingly that the
Goniorhynchidae and the Gymnarthridae are monophyletic
(Schulgze and Foreman 1981), This study will restrict the
discussion of microsaurs to the Gymnarthrid/Goniorhynchid
complex as it is a natural assemblage, and the only microsaur
group that has been proposed as caecilian ancestors.,

The goniorhynchids and gymnarthrids encompass ten genera

ranging in time from the Lower Pennsylvanian tp the Permian,

The Goniorhynchidae contains one genus, Rhynchonkos. The

gymnarthridae comprises nine. A large tabular occupies the
posterolateral corner of the skull table. In palatal view, the
parasphenoid is a large structure that tapers quite rapidly
anteriorly. The dermal bénes of the palate are primitive in
their’arrange?ent, except for th? rather 'wide V-shape formed
by)the mesial margins of the pterygoids which accommodates the
tapering braincase. There is an inner row or shagreen of small
palatal teeth paralleling the®marginal dentiton. The lower jaw
is subterminal, and the craniomandibular joint is distinctly
anterior to the occfput, with the exception of Euryodus and
Pariﬁtiéus (Schultze and Foreman 1981L;LThe parietal'foramin

is lost in members of the genera Buryodus, Pariotichus, and

Ca;diocgphalus (see Carroll and Gaskill 1978, Pig. 31; Broili

1904 Plate 6 Fig. 5-5a).

\]

L4
The best known braincase.is that of Rhynchonkos., It is a
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well ossified structure that includes‘all pr%mitive

L]

occipital arch and otic capsule elements of the primitve

tetrapod skull. Rhynchonkos alone has a very small

supraoccipital-bone (Schultzei’and -Foreman 1981). Carroll and

Gaskill (1978) 1identify a large pi_eurosphenoid element

L]

anterior to the foramﬂfor \1erves V and VII.

The postcranium\.of Rhynchonkos is incompletely

preserved, but that of typical gymnarthrids is long (>30
p?esacral vert»ebrae) (Carroll 1965; Carroll and Gaskill
1978). The limbs are diminutive. \
Like the other lepospondyl groups, microsaurs »haJve been
1inked with a wide variety of 'tetrapods.pThey were originally
thought to be re‘ptileg, a supposition that has ;ecurredrin
the literature (1948, Westoll 1942a, b; Gregory 1965, b;Jt see
Romer 1950 and Baird 1965; Carroll and Baird 1968). lexey have
also been associated with two other lepospondyl groups as yet
unmentioned, the adelogyrinids andl ‘the acherontiscids. Romer
(1945) considered microsaurs to be related to ,lysoro'phpids
and to be ancestral to urodeles. Car‘rol lﬁaﬁd Holmes (1980)
have proposed the derivation of urodeles from ;udi/tanomorph
microsaurs, but n‘ot“ specifically f-;om

gonioi:hyrféhid/gymnarthrids. Weilstead (1985) and Gregory. et

al (1956) suggested lysorophoid-midrosaur affinities. While

o

-

the Wellstead did not specify a particular microsaur family,,
Gregory et al singled out the gymnarthrids. They have been
considered derivatives of both major labyrinthodont groups,

anthgkosaurs (or“ba'trachosaurs} (Schultze and Foreman 1981) .
[ “ '
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and temnoépondyls (Smithson 1982).

Dissorgphid;e

The dissorophids are a group of Pennsylvanian to
Lower Triassic tempospondyl's amphibians. They are gené:al ly
small with dermal armour. There are usually taken to be twelve
genera. In addition,* Bolt (i§69) described a very sim#lar

temnospondyl, Doleserpeton, which he placed in a new family

Doleserpetontidae. The Doleserpetontidae was presumed to be
very closely related to the dissorophidae. It is appa:eni in

N
later works, however, that-Bolt (Bolt and Lombard 1985)

considers Dbleserpeton to be a member of the Dissorophidae.

"The two most completely described genéra,are Tersomius

{(Carroll 1964) and Dpleserpeton (Bolt 1969 1977) (fig. 16).

Most of the characters will be taken from the descriptions of

these two genera.

. One of the most striking features of this group is the

présence of a presumed otic notch. Doleserpeton has a small

rod-like stapes directed towards the squamosal embayment that

on

probably acted as an impedence matching device, very similar
4
in its structure to that found in most frogs.

' The skull roof is c¢closed; there 15220 cheek

fenestration. The interpterygoid vaéuities are ex;remeley

wide. The cultriform process is long and narrow. An

-

M - )
ectopterygoid is present in Tersomius and most other

dissorophids, but is lost in Doleserpeton. The presence of

pedicellate teeth in Doleserpeton was cited as possible

» ® ‘
2

L. 73




]

Figure 16. Dissorophids. Top Doleserpeton. (Redrawn from
Bolt 1969). Bottom Tersomius, palatal view.
(Redrawn from Carroll 1964).
Scale bar = lmm.
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evidence of lissa;phibian relationships by Bolt (1969, 1977).

The relationships of the dissorophids among the
temnospondyls is not known. They have often been cited as a
plausible sistef group for anurans (Bolt 1977; Lombard and
Bolt 1979; Bolt and Lombard 1985). They have also Jbeen
proposed as a possible sister gro)%of the lis;ambphibiask a
whole (Bolt 1969; Rage and Lescure 1984).

4

Extant Groups y;

The living groups are generally better known thag the
-Paleozoic ;epospondyls. %oth the anurans and the uroﬁfles
encompass a large amount of anatomical variation. However, as
the earliest fossil record of caecilians predﬁtes that of
urodeles and is cqntemporaneous with that of frogs (Liassic),
it is pogsiblﬁﬂto'uﬁé only the primitive states of characters
"for anurans and urodeles. There are a number of alternate
ingroup phylogenies for anurans (see Inger 1967; Kluge and
Farris 1969; Dueli;;; 1975) and fof urodeles (Hecht and
Bdwards 1977; Duel n and Trueb 1986 and references in both).
For either order, yhere there is a general consensﬁs on the
primitive state of a cﬁéracter between authors, the

plesiomorphic condition will be taken as representative of

that group.

) .
Anurans //A\\\)

Anuran ingroup relationships have been reviewed
extensively, particularly during a period from the. early

1960's to She mid 1970's. Unfortunately, feQ if any of these
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relied to any great great extent on cranial anatomy. Griffiths
(1963 :247-8) in fact decries the “téx;nomic unreliability of
ostgedranial characters" in his discussion of salientian
phgeoy- ‘ >

There are currently 339 recognized genera of frogs,
divided into twenty two families, one of which,
Paleobatrachidae |is wholly extinct (Duellman and Trueb
1986). The earliest known true anurén,”Vie?aellg, dates from
the Lower Jurassic (Liassic) (Estes and Relg 1973). It has
been placed in the family Leiopelmatidae (Duellman 1975) with
the genera Leiopelma and Ascaphus. ‘

The most conspfcuous osteocranial character of the
anurans is the feneétration of the cheek and skull roof
(figs. 17 and 18). Frontals and parietals are fused into a
single frontoparietal. The sbull roof possesses none of the
postparietal series of dermal elements found in primitive
tetrapods. The wide cheek fenestra is bordered posteriorly
either by the paroccipital process of the otic capsule or by
thg squamosal. The ventral cheek margin is complete. There
may or may not be a distinct quadr;tojud;l. The dermal
palatal elements are much reduced aﬁd there is a wide
interpterygoid vacuity. The vomeés are highly variable in
size an? shape (Griffiths 1963); but constiémte the major
portion of the anterior dermal palgte. The palatine is either
small or absent. When present, it does not contact the

pterygoid. The pterygeids are small, usually triradiate

structures, one ramus extends to the suspensorium, another

. .




Fiéure, 17. Anurans. Top and Bottom Rana catesbeiana. Rm

fy\ ¢ uncatologued. Scale equals lem.
MiddleLeptodactylus. (Redrawn from Trueb .1973).
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’ Figure 18. The primitive anuran Leiopelma hamiltoni

, NMNS 29597-5; 1éft palatal view, right
* - "dorsal view. oarse stippling denotes cartilage
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mee;s the maxilla, and a third, if present, extends toward
the otic cap;u@e of the braincase.

The braincase is a unified structure. It is essentially
-T-shaped in palafﬁl view. The 'spar' of the T is made uplof
the cultriform process of the parasphenoid, forming the
vent?al surface of the braincase, bordered on either side by
a ventromedial extension of the sphenethmoid. The arms of the
T are formedyby the laterally exparided otic capsules. The
otic capsule comprises the opisthotic, which is
indistinguishably fused to the exoccipital and the large
prodtic. The prodtic and opisthoti? are often
indistinguishably fused. There is usually an impedence
matching ear involv{Pg a long slender ‘stapes and plectrum.

Anuran teeth are pedicellate (except in Xenopus) wheh
they are present. The lower jaw contains two (mostfy) dermal
elements, tﬁé dentary and the apgulosplenial, as well as ahi
osgification of Meckel's qartila&tﬁ the mentomeckelian, at‘tﬂe
mandibular syﬁphyqis. The hyolaryngeal apparatus is a highly
derived and variable structure. The foregoing brief attempt to
characterize the anuran skull beiies the wide range of
anatomical variation within the group (see True5'1973).

*

There is slightly more\general agreement on the'outgroup

relationships of anurans than there is for the other groups
considered. They are most commonly allied with the urodeles
(BEaton 1959), or with urodeles and caecilians (Gadow 1901;
‘Parker et al 1956; Parsons- and Williams‘19§3; éox 1967;
Lombard ;nd Bolt 1929; Gardiner 19825, although to my

knowl edge, anuran/caecilian relationship exclusive of the

-
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o - . urodeles has never been proposed. Whether or rTGt.associated.
with salamanders or caecilians, they are usually perceived to
have been derived from temnospondyl labyrinthodonts. Among
the hypotheses considered here, it is only those of Gadow
(1901), Cox ;1967), and Gardiner (1982, 1983) thatkdo not
permit the direct descent of anurans from temnospondyls. The
reason_ﬁor the concordance, presumably, ié the existenc; of

what are psually taken to be morphological intermediates

between temnospondyls and .anurans. Triadobatrachus

(Protobatrachus) of Madagascar is considered a proanuran and

shows a number of typically temnospondyl features (Piveteau
1?37; Watson 1940). It has been proposed as a moEPhological
intermediate between anurans and labyrinthodonts (but see

Hecht 1962, 1963). A credible argument is made by Bolt (l9§p,

1977) far the evolution. of frogs from a Doleserpeton or

R

i) .
Tédrsomius-like ancestor.

L v,

-

Urodeles

There {s'considerably less agreement over the
relationships of the urodeles. There are currently 96
. recognized genera, 34 of which are extinct. TBey are arranged
in 13 families, four of which are wholly extinct. The
earliest known salamande# is Karaurus from the Upper Jurassic

of the USSR" (Ivakhnenko 1978)
?ﬂ e ' ,L’iﬁke thje" anurans, ixrodele cranial 5natomy can be
characterized quite easily but it must be recognised that the

<
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urodele 'bauplian' incorporates a wide range of variation.

Urodele skulls are marked by the poésession of significantly
] L

fewer distinct elements, both dermal‘and endocranial, than are
found in primitive tegrapods(fgg.lﬂ). The temporal region
is widely fenestrated. Carroll and Holmes (1980) interpret
this as an e;kensive emargination of the cheek, their
viewpoint owing to the fact that the ventral margin of the
cheek is incomplete. f;ere are no circumorbital elements
behind the eye, and no postparietal elements. Generally there

is no palatine in adults, with the exception of

genera such as Pseudobranchus and Siren. Lebedkina (1967)
.claims that the palatine is incorporated into the pterygoid
during developement. The pterygoid is usually triradiate. The
anterior ramus does not contact the dermal palate or the
maxillary arch, either directly or indirectly. The basal ramus
is associateq usually with the otic capsule, and the qua@réte
ramus with the euspensorium. The- suspensorium is a strut,

directed ventrally from the skull roof, comprising the

squamosal and the quadrate. Dorsally the squamosal contacts

L 4

either the parietal or the otic cabsule.

| The neuracranium is formed usually of two large
endochondral units. The orbitosphenoid anteriorly, and the
oticoccipital posteriorly, both underlain by the wide
‘parasphenoid. ' The anterior extension of the braincase is
parallelasideé, the lateral margin formed largely by the
orbitosphenoid. The oticoqcipital moiety is extensively fused.
(%l There are no distinct basioccipital or basisphenoid elements.

The otic capsule is also a single coossified unit in most

| 78’




Figure 193

-+
P

Urodeles. Top Batrachupeurus a primitive
sal amander (from Carroll and Holmes 1980).
Bottom Ambystoma (jaws 1in. place). Rm
2362. (posterior view from Carroll and
Holmes (1980)).

78a






~ SR

adul ts, al though dZstinct prodtic and opisthot-;ic anlagen are
discernible early in development (Bonebrake and Brandon lé?O).

The lower jaw comprises essentially the dermal elements
de}‘ntary and prearticular. 'I‘h‘ere is a se/parately ossified
ar}ticular and, 1in addition, an ossification of Meckeﬁl's
cartilage at the region of the mandibular symphysis. The hyoid

]
apparatus is highly variable

Most authors unite urodeles with anurans, caecilians, or
both. Romer (1950) allied the urodeles with the microsaurs
alone. Carroll and Holmes (1980) proposed tuditanomorph
microsaurs such as Llistrofus, in which the cheek 1is
emarginate, as probable ancestors. Gregory et al (1956)
concluded that urodeles are derived fron; nectrideaans (see also
Parsons and Williams (1:3/63) for the similarity between their

?
'protolissamphibian' and Scincosaurus. They were thought by\

Schmalhausen to be derived from the lysorophoids, and by Estes
(1965) to have evolved from labyrinthodonts.

The stratigraphic ranges of the groups discussed here
are given in figure20. A synopsis of their pr.oposed

interrelationships is shown in figure 2.
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Stratigraphic ranges of the po%ential
sistergroups.
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- METHODS- AND MATERIALS

-~

Cleared and stalned specimens, dried skulls, and whole
preserved caeciliaﬂ specimens were observed. The dried
specimens and some of the cleared and stained specimens were
drawn with a camera lucida attached to a Wild M5 or M6
microscope and measured either from the drawings or, whenever
possible, from the grawings and through an ocular qicrometer.
Most of the cleared and stained specimens were photographed
using a Wild binocular microscope and camera attachment. Kodak
Pan-X film was used for the photography. It was exposed at 50
ASA and developed using miérodol developer:

A complete listing of the specimens observed and their
mode of preservatiOQAis given if’apgendix l. In total 173
caeci}ian specimens were available for study. The sample
enco6;asses twenty two of the thi;ty four known 1living
genera, and thirty seven of the 167 described species are
identified. The compositon of these specimens among the major
taxonomic groups considered in this study is as follows:

- Ichthyophiinae (10 specimens):

fch;hyophis beddomei (1), 1. kohtaoensis (3),

\
unidentified (2). >

Caudacaecilia nigroflava (1), C. larutensis (1), C.
asglenié (1) C. weberii (1). |
- Uraeotyphlinae (2 specimens):

\ o
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Uraeotyphlus narayani (2) ) *

- Caeciliinae (20 specimens):

L

Caecilia échrecephala (1), C. occidentalis(l0), C.

tentaculata (2), C. nigricans (1), unidentified (4).

Microcaecilia albiceps (2)

- Scolecomorphidae (5 specimens):

Scolecomorphus uluguruensis (2),' 8. kirkii (2),

S. vittatus (1).

- Typhlonectidae (19 specimens):

-
-

Typhlonectes obessum (1), T. compressicauda (4), T. .

natans (3), unidentifie@ (9).

Chthonerpeton indistinctum (1), S. viviparum (1)

- Rhinatrematidae (14 specimens):

Epicrionops petersii (5), bicolor {(9).

- Dermophinae (93 specimens):

Afrocaecilia taitana (4).

Boulengerula boulengerii (1), B. titanus (1).

Dermophis mexicanus (48), unidentified (3).

Gegeneophis ramaswamii (2).

Geotrypetes seraphini (16), G. grandisonae (1) *.

Grandisonia alternans (2).

Gymnopis multiplicata (5).

Herpele squalostoma (l).

Hypogeophis rostratus (5). .

Idiocranium russeli (1)

Indotyphlus battersbyi (l). o

écistometopum thomensis (1), S. gregcrii ().

-
.
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Siphonops annulatus (1), unidentifggd (1) .

(* generic designation of this specimen is Bgiqg changed (Wake

s
Pers, cgmm))

/

I have haye had access to a number of specimens of fossil
and living tetrapods. These are also listed in appendix 1.
Primitive tetrapods: N

Greererpeton burkemorani:
Ichthyostega sp.

Lysorophoids: - 7\
Brachydectes tricarinatus:

Cocytinus sp.

AYstopods: ‘
Ophiderpeton

Phlegethontia

Microsaurs: .
Microbrachis and other unidentified specimens

Dissorophids:
casts of Amphibamus

The entire Redpath Museum teaching . collection of modern
amphibians was also available for ‘inspection. .
Additionally, a beautifully preserved specimen of the
rhipidistian Eusthenopteron foordi (RM 14.234) was available

14
for insiection. ) : .

Cladogram construction

I have used a phylogenetic inference program for IBM PC

(PHYLIP version 2.8, mixed parsimony program (MIX);

L

Felsenstein 1978). Characters.are coded as being primitive (0)
or deriveq (1). For the majority of characters, I .have used

the 'Camin-Sokal' parsimony option which considers (0 -> 1)

s B
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transitions as being more likely than (1 -> 0). The program
recognizes only binomial input (0 and l). Characters with more
than two states (e.g. 0,1',1") must be coded as more than one
cﬁ“aracteg. MIX requires that a character phylogeny be
designated. For instance, if the series 0 => 1' => 1" vwere
presumed, then the correct coding would be: 0=00, 1'=01,
1"=11, meaning that any transition ending at 1" (ll) would
have to pass through 1'(01). Except where it is impossible or
inapplicable, I have tried not to predetermjine the phylogenies
of alternative apomorphic states. In order to maintain
maximally unconstrained character phylogenies,' for all multi-
apomorphic characters I have coded all alternate apomorphic
states as divergent from the plesiomorphic state (i./e. 0=00,
1'=01, 1"=10), and have employed the 'Wagner' parsimony
option. The Wagner parsimony considers 0 -> 1 and 1 -> 0
transitions as equally possible. The result is not a fully
unconstrained phylogeny. The transition from 1' -> 1" actually
requires a 1' -> 0 -> 1" phylogeny, and is therefore a priori
only half as likely as any single (0 -> 1 or 1 ->0)
transition. This is the bést way available in the PHYLIP
program to keep thg mhlti-apomorphic characters relatively

¢

unconstrained.
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RESULTS

I. CHARACTER POLARITIES

Ingroup Characters

The polarities of twenty nine cranial characters, with 33
apomorphic states, éie resolved for the ingroup analysis. The
characters and the distribution of their states among
caecilians are tabulated ik Table 2. The states are described
briefly in Table 3. The polarities and their resolution are

discussed at greater length in the discussion section.

Ouggroup Characters

Forty characters, with 62 apomorphic states, distributed
among the caecilians and their proposed sister groups are
polarized. The distribution of the character states groups is

tabulated in Table 4. They are briefly described in Table 5.

1

II .RELATIONSHIPS

-

;ngroug Relationships ) .

In general appearance the resultant cladogram (fig. 21)

of the ingroup analysis is not greatly dissimilar from that

/ -
'
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Figﬁre 21. Ingroup cladogram for caecilians. Character

numbers are as for tables 2 and 32
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TABLE 2a.
N DISTRIBUTION OF INGROUP CHARACTERS
(outgroup comparison)
-

—-— CHARACTER --
$ NAME ICHTHY URAEO RHINA SCOLE DERMO CAECI TYPHL
1 ‘Os Basale 0 0 0 0 0 0 0
2 Tentacle 0 0 0 0 0 0 0
3 Lower }éw 0 0 0 0 0 0 0
4 Double row 0 0 0 0 0 0 0

teeth .- .
5 Nasal B o 0 o . 0 1 1 1
6 Premaxilla 0 [+2 0 0 1 1 1
7 Pterygoquad 0 0 0 1 1 1 1
8 Stapes 0 0 ~ o0 1 0 0 0
9 vVomers 0 0 1 0 0,1"  1° 1v
10 Internal 0 0 0 1! 0 0 i

naris -
11 Orbit 0 o ' o0 1 0,1 0,1 0

(0/C) ¥
12 Tentacle/ 0 1" 1' . 1w 0 1" 1n

orbit , ;
"13 Tentacle/ 0 0,1 0 na 0,1 1 1 )

“orbit v .

14 Cheek 0 0 11 Q1v 0 0 0 S

attachment -

" . i
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TABLE 2b. ‘
P (continued)

DISTRIBUTION OF INGROUP CHARACTERS

(congruence characters)
e ..
b e CHARACTEB -
) NAME ICHTHY URAEO RHINA SCOLE DERMO CAECI TYPHL
e
15 Squamosal 0 0 1 0 0 0 0
16 Septomax. 0 0 0 0 1 1 1
17 Circumorb. 0 0 1! na A 1! n
bones
18 Tentacle. 0 1 0 1 0 1" 1
aperture
;
19 Kinesis 0 0 0 1 0 0 0
20 Basal 0 0 1 0,1 0 0 0
articulation
21 Braincase 0 0 1’ 1" 0 0 0
- 22 Occipital 0 0, L0 1 1 1 1
condyles
23 Perforate 0 0,1 0 ? 1 1 1
& stapes
24 Mouth opening 0 0 o1 0 0 0 0
25 Retroart. -0 0 1 o - 0 0 0
inflection ' ,
, 26 Hyoid 0 0 - 1 1 0 0 0
27 M.Interhy. 0 0 1 0 6 o 0
postarior . ’ ’
* 29 ‘Prefrontal 0 0 1 0 1 1 1
i , g4c
& . .
24
3

. -
[ R TR DU IR B R T
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TABLE 3.
) INGkOUP CHARACTER STATE DESCRIPTIONS
Character Plesiomorphy Apomorphy ‘
1'05 Basale Braincase elements
- fused
2 Tentacle Present
3 Lower jaw Pseudoangular and

10

11

12

13

14

15

16

Double row
teeth
!

Nasal
Premax
Pterygoid/
quadrate

Stapes

Vomers

Internal
naris

Orbit
Tentacle/
orbit
Tentacle/
orbit

bheek
attachment

Squamosal

Septomaxilla

R

Pseudodentary
Pilqtal teeth
) .
Present as discrete
elemént

Present as discrete
element

Separate units
Present

Bilateral contact
extensive

Present

Open
Anterior and
adjacent
Contiguous
synostosis

At ventral cheek
margin

Present

844

ol

Fused or lost

Fused or lost

Combined unit

Fused or lost

1' divergent
1" apposed, “os Basale

intervenes

1' indistinct
1" enlarged

Closed

1' Within orbit

1" aperture removed
from orbit

Separated by dermal
bone

1' peg-in-socket
1* absent

Not at ventral cheekc
margin

Lost or fused




)

INGROUP

Charaétér

\J

CHARACTER STATE DESCRIPTIONS

ontinued)

Plesiomorphy

-

Apomorphy

17 Circumorbital
bones -~

18 Tentdc}e
apertune

19 Kinesis

20 Basal \
articulation

21>Braincase

22 Occipital
condyles

23 suqﬁé?\\ :

24 Mouth
opening

{

25 Retroart/
process ’

26 Hyoid

27 M. Interhy.
post.

28 MAMI

Y

29 Prefrontﬁl

Postfrontal @
(ocular).

Anterior to
orbit
Present

Present

Tapering

Contiguous

Perforate
Subterminal

k)
Inflected

Cb 3&4 fused

Two bundles

Within adductor
chamber

Present

-

1' Wwithin maxpal.
1" between maxpal.
and sdquamosal

Within orbit

[N

Absent

Absent

- -
Parallel sided

Separate ) -

Imper forate

Te%minal
Straight 7

1'Cb 3&/0r 4 lost

" 1"Cb 3&4 expanded

One bundle : \\;

»

-

.Beyond adductor

Chamber

Lost or fused

g
?
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Figure 22.
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Outgroup cladogram.

for table 4.

Character numbers are as
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TABLE ¢

CRAMCTER STATE DISTRIBUTION FOR OUTGROUP RELATIONSHIPS

Growp
i Character. AISTOPODA  NECTRIDEA LYSOROPEIA ANURA URODRLA  GYNMOPHIONA NICROSAURIA  DISSORPRIDS
[

1 Braiscase [usion 8 ¢ 0 1* 1 1’ ] 0

2 Prodtic/Opisthotic 0/1 0 0 1] 0 1 0 ¢

1 Smotic Tectun 0 ? 1 ] 0 ] i !

¢ - Supraoccipital - 1 0 1 0 0 0 170 0/1

§ Operculus 0 0 0 1 1 0 0 0

§ I Nerve Porasen 1* 0 " I r 1" 1" [ I
1 Craniovertebral Joiat 1 A 0 L Py 1 e IR
8  Stapes Norphology U ? I I* P I’ ' "

§ Btapes Perforation ?7- ? 0 i ! 0 0 0

10 Paroccipitsl Process 1 e I’ I 1 N 8 0

1 Plenrospienoiﬁ 0 0 0 0 0 1 1 {1

12 Parasphenoid 011 0 0 0 0 vl 0 v
13 °Cult.ri!orl Process 0 0 1* 1 I ) e e 0

14 Sphenethnoid ¢ ¢ 0 0 1 d 1 0 0

15 Interpterygoid Vacuities 0 \ o/1'/1° 0 1° 1 / N 1 1"

16 Pterygoids bilateral contact 1 7)1 0 1 1 \”"\ 1 1, 1

[N
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TABLE 4 (C

ontinued}

CHARACTER STATE DISTRIBUTION FOB OUTGROUP RELATIONSHIPS

Group
{ - Character. AT8T0PODA NBCTRIDEA LYSO0ROPHIA QIUIA URODRLA GYMNOPHIONA NICBOSAURIA DISSOBOPIID#
|
11 Basicrpnial Articulation 0 0/1* 0 1 1 0 ] -0
18 Ptérygoid/Ksxillary Arch 1 0 I’ 1" 1 0 ] 0
18 .Bpipteryloid 0 0 0 1 /1 | 0 0
20 Rctopterygoid 0/1 0/1 ,l 1 1 1 0 0/1
i1 Palatal Teeth " o I° e I* 1 0 L
‘ 22 Pedicellate Teeth 0 0 0 0/1 0/1 1 ] )
13 Post Parietal Eleaents /1 0 0 1 1 1 0 0
2 Frontoparietal o1 0 [ 1 0 0 0 0
35 Parietal Foraaea 0/1 0 1 1 1 1 0/1 0
% §ilnn?|allParietal coatact _Dll' on I’ rnt rne I ] 0
i otic Motch 0 0 0 | B 0 0 0 1
u /Pont Orbital lleueu?n | 0 0 1° 1 1* I 0 )
2y Septomarilla 1 1 gj 0 0 (] ] §1
0 uidrtojul ' 0 r o e r ' ¢

o
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TAELE 4 (Coatinted;

CAARACTIR STATE BISTIBUTION POR OBTGROUP RELAYIONSEIPS -
-
Group

' Character. AlsTorops FECTRIDEA LYSOROPEIA -}ﬂ - ANURA URODELA GYENOPRIONI  NICROSADRIA  DISSOROPRIDS
31 Quadrate Linesis 0 0 0 0 I I 0 ]
k14 Cie'ei ;elutntiu N 1 0 1 1 ) 1 0 0 ¢
3 Veatral CheekMargin - 0 0 ! 0 1 0 0 0
34 Cranionandibular Joiat o/t oy I o/ 1 i P ]
35 Jav Closure 0 0 0 0 0 1 1 L
3¢ Bones in Lower Jaw 0/1 0 0 1* e I 0 0
31 Neatomeckelian 0 0 0 1 1 0 0 ¢
18 dplenial .Teetl 0 o1 0 0 0 1 1 0
38 Retroarticalar Process 0 oy 0 0 Iy 1; I 0
40 ~Hyoid Structure. 0 ? I 1" I I r ?
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‘TABLE 5 :

& OUTGROUP CLADOGRAM TRANSFORMATIONS
.Internode Taxa Character Traanormations
1 All Outgroups 7''' Double occipital condyle
2 Nectrideans 29 Loss of septomaxilla
30N All minus Nect 16 Loss bi}ateral contact pteryg.
4 Dissrophids gv Impedence matching stapes

15 Wide interpterygoid vacuities
27 Otic notch

5 Ly, A1, An, 8 Stapes morphology
Mi, Gym. 25 Loss parietal foramen
34 Jaw joint anterior to occiput
40 3 or 4 ceratbbranchials

6 Microsaurs & 3 Loss synotic tectum
Gymnophionans 13" Tapering parasphenoid

10' Paroccipital process (none)
11 Pleurosphenoid
15' Interpterygoid vacuities
16"' Vagus nerve foramen
35 Subterminal jaw
38 Two rows teeth -lower jaw
39' Retroarticular process
(7") Craniovertebral joint

~

%.
7 Microsaurs 26° Squamosal~-parietal non-contact
8 Gymnophionans 1 Fusion post. portion braincase
2 Otic capsule fusion

12 Parasphenoid

14 Sphenethmoid fusfon

19 Loss of epipterygoid

20 Loss of ectopterygoid L

21' Palatal teeth

22 Pedicellate teeth

23 Ldss of postparietal elements
o 26 Squamosal-parietal contact

28 Single circumorbital element

30' Fused quadratojugal

31' Quadrate kinesis

36 Pseudodentary, pseudoangular

39" Retroarticular process

843 .



TABLE 5 (continued) )

OUTGROUP CLADOGRAM TRANSFORMATIONS

Internode Taxa Character Transformations
9 Ly & AY/ 21"' pPalatal teeth
An & Ur. 26 Squamosal-parietal contact

28 Logs of postorbital elements
32 Cheek fenestration

10 Lysorophoids 4 Supraoccipital
& A?stopods 10' Loss of Paraoccipital process
29 Loss of Septomaxilla

11 A?stopods 1 Braincase fusion-posterior
2 Otic capsule fusion
6" Vagus Nerve Foramen
7 Craniovertebral joint

8"t Stapes morphology
21"' Loss of Palatal teeth
280 postorbital element

12 Lysorophoids 11 Pleurosphenoid
13" Cultriform process
30" Loss of quadratojugal
33 Loss of ventral cheek margin

13 Anurans & 1" Braincase fusion -posterior
Urodeles I 2 Otic capsul fusion
5 ° Operculum
6' Vagus nerve foramen
9 Stapes imperforate

10" Paraoccipital process to cheek

15" Wide interpterygoid vacuities

13' Loss of postparietal elements
. (22) Pedicellate teeth

(26") Squamosal-parietal contact

(30) Loss of Quadratojugal

37 Mentomeckelian -

+

14 Urodeles 18 Loss Pterygoid-maxilla contact
31" Quadrate kinesis

33 Ventral cheek margin

36"' Bones in mandible

- 15 Anurans 8" Stapes morphology
) 24 ° Frontoparietal
27 Otic notch
-~ 36" Bones in mandible
40" Hyoid .
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produced by Nussbaum (1979) byluse of clique .analysis or that .
reported for the same data by Duellman and Trueb (1986:466)

empioying the WAGNER 78 program. Except for the fact that tﬁe
aeciliidae is treated as two separate taxa in this study
'Caeciliidae and Dermophidae); the cladogram produced by this

study and that reproduced in Duellman and Trueb are Wagner-

equivalent (Cartmill 198l). This means that the topologies are

equivalent. There are rooted in different places however. The
previous studies (Nussbaum 1979a; Duellman and Trueb 1986)

(fig. 10) relied on what is largely a different suite of

characters, including a significant proportion of postcranial

features. Some bf\the cranial characters employed here do
overlap with Ehose\gf Nussbaum's studies (1977, 1979a). Due
to the methodologicafﬁdifferences between those studies and
this, some of the transformation series are ascribed
different polarities. The.current study suggesfs that a
number of minor modifications ts ti® previously proposed
classification schemes are in order.

The genus Uraeotyphlus is currently subsﬁmed under the

Family Ichthyophiidae as a separate subfamily, Uraeotyphlinae
(Nussbaum 1979). It appears from this analysis that although
ichthyophiines (the other subfamily of the Ichthyophiidae) can
be said to be a plesiomorphic’ sister group of the
uraeotyphlines, the two subfamilies do not constitute a
discrete monophyletic assemblage in themselves. Rather the-
ura;otyphlines~would be included in a monophylétic assemblage
that would “include all other caecilians except the
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ichthyophiines and the Family Rhinatrematidae. Uraeotyhlines
are united with these groups by the 'structure of the tentacle

and tentacular aperture, and the possession of an imperforate

stapes. The stapes of Uraeotyphlus shows what may be

cons}dered an intermediate stage as it is notched for the
1passage of the stapedial artery. It is interesting to note
though that two of these tentacular characters (12 and 18“)
are not shared with the dermophids.

Additi?nally, the groups commonly united under the Family
Caeciliidae (Subfamily Caeciliinae and Subﬁamily Dermophinae)
appear not to comprise a monophyletic group. They can be
differentiated on the basis of the configuration of the bones
sur;ounding the orbit (17). The orbit in caeciliines, when
present, is located entirely within the maxillopalatine, a
condition apparently independently derived in rhinatrematids,
whereas the orbit in dermophines, when open, is bordered by
both the maxillopalatine and the squamosal. A number of
anatomical differences have been cited by Taylor (1968a), Wak
and Campbell (198?),'and Laurent (1984) to differentiate
further the caeciliines from the dermophines. These include
the extyemely large teeth of caeciliines as compared with
dermophines (Wake and Campbell 1983), and the notch at the
anterior extremity of the caeciliine vomers, not found in the
dermophinae (Taylor 1968a)., The caeciliines (sensu Wake and
Campbell 1983) and the dermophines are treated here as
separate families, Caeciliidae and Dermophidae respectively.

The Typhlonectidae, the (here termed) Dermophidae and

7

Caeciliidae appear to compose a monophyletic assemblage
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united by the common fusion of the nasal (5) and premaiillary_
(6), the loss of thé prefrontals (29), a narrow, but variable,
extension of the os hasale between the vomers (9") and -the
loss of the septomaxilla (16), or its incorporation into the
nasopremaxillary compIex (Wake and Hanken 1982). This
conclusion is implied in the results of the cligque analysis
and Prim Network analysis performed by MNussbaum (1979)

The most strikingddifference between the results of
this analysis and others is not the number of distinct
families or the distribution of characters between them; it
is the relationship between two particular families,
Ichthyophiidae and Rhinatrematidae. In Nussbaum (1979),
Duellman and Trueb (1986) and in this study these two
families have a sister group relationship. However, in this
study the Ichthyophiida;\are by far the more primitive group.
Since Nussbaum's (1977) study of the Rhifatrematidae it has
been considered to be the most primitive assemblage. In
contrast with that view, the rhinatrematids here appear to be
quite derived. Cut of .the twenty nine characters considered
they exhibit a total of 13 apomorphies, none of which i;
shared with any other caecilian group. Only the highly

specialized typhlonectids and the caeciliids (a total of 9

genera) have.,equal numbers of apomorphic features. None has as

many autapomorphies. Apart from the convergence’cited above
(17'), and the independent loss of the prefrontal,
f

rhinatrematids share only caeciliaﬂ plesiomorphies with the

other groups.
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P .
,state for the fourteen characters polarized by outgroup

N . cOmparison,i the ichthyophiids (Ichthyophis and Caudacaecilia)

are taken to represent the most primitive living caecilian
' assemblage. Like the rhinatrematidae, they share anly
plesiomorphies with the rest of the order. Unlike any other
group, they manifest no apomorphic states of the 29 characters
considered here. This, in part, is a requirement of the

& .
methodology for characters 15 through 29, as a result of the

rather strin;ent constraints put on the outgroup comparison.

It is significant though that for the 14 characters resolved

by outgroup comparison the primitive condition for all is

found in the ichthyophiids. The eventual description of the

v caecilian fossil material will provide an independen% test of

these polarities.

N The relative primitiveness of these two families wazrants ,
a closer‘look because of its bearing on the skull
fenestration controversy. The two rhinatrematid génera are
distinctly zygokrotaphic. Uniquely in these forms, the jaw
adductor muscle mass éxtepds dorsally beyond the ;dductor
chamber and Eakes iés origin on the lateral skull roof
surface. The presumed primitive nature of this ﬁamily lent
creedence to the interpretation of zygokrotaphy as primitive
for caecilians, although it should be noted' that this
character was used in assigning the rhinatrematids theix
primitive stjtus on the assumption of lissamphibian monophyly

o (Nussl;aum 19 The skull is essentially closed in 'the

ichthyophiids, bht a line of weakness or a small temporal

-
»
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fenestra is obsegvable in such species as Ichthyophis

kohtaoensis (Taylor 1969a). The condition of the skull roof

has not been coded as a‘ character on the cladogram given, but
it {8 evident that zygokrotaphy must have arisen a number of
times within the order. A minor éap between the cheek and

\\gkull roof is found in Uraeotyphlus narayani (Nussbaum

A
1979a), and U. oxyurus (Taylor 1969). Full temporal
fenestration appears to have evolved independently within the

Scolecomorphidae’ (Scolecomorphus only), once in the

Dermophidae (Geotrypetes), and in the Typhlonectidae.

There are a number of characters that undergo what, in
the.context of éﬁé cladogram proposed here, must be considered
convergences or reversals. The most labile characters appear
to be associated with the tentacle and the orbit/tentacle
relationship. Character 13, with only one discernible advanced
state (tentacle not confluent with orbit), is seen to undergo
three character state reversals, one in each of the
Uraeotyphlidae and Dermophidae which are polymorphic for this
state, and once in théﬂinternode before the emergence of the
Uraeotyphlidae. Character 12 (spatial relation of tentacle and
orbit), with two apomorphic states is sedn to diverge from the

primitive condition, ‘found in Ichhtyophiids, independently in

rhinatrematids and the suite domprising d1l] other famliess

rture

The contribution of dermal bones to the tentacular a

(18) undergoes reversion to the plesiomor
~ ,

dermophids. If, as Nussbaum (1877) and Badenhorst %1978) note,

state in

the forward migration of the tentacle is a common feature in
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the ontogeny of caecilians, a retardation of the rate of
forward migration could produce the condition found in
rhinatrematids, and its acceleration would yield a condition

such as that in §;olecomorphids and Uraeotyphlus., The

attainment of the %}bit wholly within the maxillopalatine
(17') appears to have been derived independently in caeciliids
and rhinatrematids. The absence of a discrete prefrodntal
(29) is a homoplasy occuring within rhinatrematids and all

groups distal to the divergence of the scolecomorphids.

Outgroup Relationships

The ﬁost parsimonious cladogram for the forty
characters analysed is shown in Figure 22. Character
transformations are listed in the accompanying table (Table
5)« The cladogram 1lists as characters only those that
fully transform. Characters that transform between some
members of a terminal taxon and its nearest node are not
denoted.

One of the immediately~striking results of the cladistic
analysis is the number of autapomorphies that define terminal
taxa. This indeed is the crux of the longstanding conundrum
over amphibian interrelationships. Although the groués are
easily discerned, they are not easily allied with one
another. The nectridea are the minor exceptign, as a grohp
they bear only one autapomorphy. They independently lose the
primitive septomaxilla (29). Many of the trends that
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characterize later assemblages, though, are attained/
independently within the nectrideans. Despite their early
appearance, the alstopods as a whole exhibit a considerable
number of autapomorphies (6). These include the extensive
fusion of the posterior portion of the braincase (a's in

Phlegethontia) (1'), és well as the fusion of the otic .

capsule elements (2), the concave median craniovertebral

joint (7'). The stapes morphology (8''"') of Phlegethontia, as

restored by Turnbull and Turnbull (1958), is unique. The
dermal skull roof is reduced as an independent advancement
with‘in the alstopods. The palatal teeth (21''') are lost i
independently. ) - i
Tl;e lysorophoids exhibit sixteen apomorphic features. Four

of these are derived independently from all other groups. The
braincase of lysorophoids maintains many of the primitive
tetrapod features. The shape of the cultriform process (13%)
is a unique feature. The cheek is emarginate ventrally (33).

The anurans exhibit five auta?omorphies. The slightly-
built stapes (8") a%d the otic notch (27), although shared
with dissorophids, Jare independently derived. The hyoid in
anurans (40") is a highly specialized structure (Trueb 1973).
Fusio‘n of the frontoparital (24), and the configuration of the
elements of the 1lower jaw ‘(36")‘are also independently
derived. .

There are six autapomorphies of urodeles. The fusion of
the orbitosphenoid elements of the ethmoid moiety (14), and

the unique style of quadrate kinesis (31") are distinguishing

features. The ventral cheek margin is indeggndently lost in

9l
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urodeles (33). Pterygoid-maxilla contact is lost (18). The
structure of the 10‘(er jaw (36''') is derived in urodeles.

<

The highly derived, distinctive nature of the caecilian
skull is best evidenced by 1its possessio;m of fourteen
autapomorphic features among thirty apomorphies. The
braincase and the otic capsule elements are extensively fused

e}
(1 and 2). Although this resembles the condition seen in

a!gtopods it appear s to ha;e occurred convergently. The
extensively fused ethmoid moiety of the braincase: is unique
(14), 1as is the complete fusion of\ t:h‘e parasphenoid with the_
endochondral ‘braincase (12). The form of quadrate kin,esis
(31'), the contdct of the squamosal and the ;\)arietal (26'),
the independent loss of the ‘p'ostparietal elements (23), and
the reduction to one, of the postorbital series (28) and the
developmental fusion of the guadratojugal anlage to the
surrounding squamosal element, all mark the caecilian skull.
roof and cheek unit as unique among the tetrapods.‘ Quite‘
sibnificantly, ped”icel late ~teeth (22) are acquired
independently, as is the row of palatal teeth (21"). There is
no epipterygoid -(19). The structure of the lower jaw, with its
long retroarticular process (39'), and its obliquely joined -
pseudodentary and pseudoarticular also serve to distinguish
this group (36°').

In addition to the autapomorpﬁies, distinguishing all
m‘{gmbers of a grﬁoup from any other, characters are seen to

. -
undergo transformation independently with,i‘p*"'lineages. There

are fully nine of these within the neqgtridea. These are:
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expansion of the paroccipital process (10", squémosal—

‘parietar contact (26'), the loss of palatal teeth (21'*),

the absence of the ectopterygoid (20), the fusion of the
pterygoid with the parasphenoid at the basicranial
articulation (17'), the location of the craniomandibular
joint anterior to the occipital condyle (34); a row of teeth
in the lower jaw (38); a relatively elongate retroarticular
process (36'); pterygoids not éontactfng their bilateral
counterparts medially (16); both alternate apomorphic states
of the pterygoid vacuity (15' and 15"). Most of these derived
c@gracters are manifest in the family keraterpetontidae.

"Six characters tiansform within the AY¥stopoda. Two of

these are partial reversals. The partial reversals are in

- characters 34, the craniovertebral joint at the level of the

occipital condyle and, 20, thé parietal foramen. The
apomorphies attained within the alstopods are: fusion of the
parasphenoid with the oticoccipital rtion of the braincase
(12), contact of the squamosal solely with the otic capsule
dorsally (26"),'1055 of postparietal elements (23), the
possession of two'dermal elements in the lower jaw, joined by
an oblique squa@ous Joint (35:) and, fusionj of the frontal a?d
parigtal to form a frontoparietél (24). .

There is a pérJ:ia]. reversal within ¢the
gymnarthrid/goniorhynchid lineage involved with the presence

A

of a parietal foramen (25). There is also a partial 0 -> 1

transformation, the possession in Rhynchonkos of a

(<]

supraoccipitai (4).

‘One character transforms within the urodeles. It is the

(. . 93
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possession of pedicellate teeth (22). Tooth pedicelly also
transforms within the anurans. It is equiprobably
independently derived in some anurans and urodeles, ot
independently lost. Other characters changing within the
anurans are: possession of a quadratojugal (30), the most
parsimonious phylogeny requires this to be a reversgl when it
occurs. Vomerine teeth are both present and absent in the
urodeles (27" -> 27'''). The craniomandibular joint (32) is
located posterior to, anterior to, or level with the occipital
condyle, -

The synapomorphies thai: support sister group
combinatjons are of the greatest significance. These are the ‘
presumed derived characters that indicate and order the
relative recency of common ancestry among the groups in
question. The phylogeny in Figure 22 delimits seven
monophyletic groups in addition to the terminal taxa. These
are: 1) all groups above the level of the primitive tetrapods,
2) all groups in 1, minus nectrideans, 3) the
microsaur/gymnophionan + lysorphoid/allstopod + anuran/urodele
assemblage; 4) the lysorophoid/al?stopod + anuran/urodele
assemblag?, 5) the lysorphoids an;ﬂ alstopods, 6) the group
comprising just anurans and urodeles, and, 7) the group made‘
up of reciprocal sister groups microsaurs and gymnophionans.

One ct;a ter unites all groups above the level of
primitiv amphibians.* This is the possession of double
occipital condyles. One.character unites these groups at;ove
the level of nectrideans, xhe lacwk of bilateral contact of the

‘
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pterygoids anterior to the parasphenoid (16).

The microsaurs and gymnophionaﬁs plus the lysorophoidé
alstopods, urodeles, and anurans share four apomorphiés.The
stapes is composed of a large footplate (in relation to the
overall size of the element) and a short, stout style
projecting toward the suspedsorium'(BW. It subsequently
transforms, becoming the impedence matching structure of
anurans (8' » 8"), The parietal foramen is absent (25). This

character is reversed in Rhynchonkos and some gymnarthrids.

The craniomandibular joint is located anterior to the level of
the occipital condyle (34). It reaches its most anterior
location in the lysorophoids, where it is a;terior to the
level of the basicranial articulation. Once again, this
character is reversed in a number of anu;an genera. The
structure of the hyoid apparatus comprising paired
basibranchials and four (less commonly three) ceratobranchials
unites these members (40'). Anurans fuither modify the
hyobranchial 'skeleton (40"). The resultant character phylogeny
is 40' -> 41".

That lysorophoids and a®stopods share a sister group
relationship with anurans and urodeles is a new proposal. It
is supported in this hyp?}hesis by five <characters. Well
developed rows of teeth on the vomers (21) are synapomorphic

features. They are further transformed in the A¥'stopods. The

contact of the squamosal with the parietal (26') is present in

all three orders. As will be seen, is-equally probable

' thit this character undergdes further ftrafgsformation before or

region is,highiy

¥ -

after the anuran/urodele node. The chee

——
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fenestrated in all four groups (32). There is no.

ectopterxgoid (20), although it may be present in some
alstopods (Bossy 1978). There are no remaining elements of
the postorbital series (28"). The most parsimonious
arrangement of this character is of one transformation, and a
partial reversal, rather that three independept
transformations. The ectopterygoid (20) is absent in all four
;ssemblages but is present in Lethiscus, thq earliest
a?stopod (Wellstead 1982). Although the tree shown in figure
22 is a strict consensus tree (rodted at the outgroup),
trees generated by various subsets of these‘characﬁers show
the alstopods to be the most labile group. It i% highly
possible that additional characters would disrupt this
putative sister group pairing.

\& The lysorophoids and Afstopods are united %y four
apomorphies, the presence of a supraoccipi£a1 4),a reduced
or lost paraoccipital process (10'), loss of erygoid-maxilla
congact, and lack of a septomaxilla (29).

The remaining groups, #7 and 8, are respectively the best
supported sister groups in the entire cladogram. Their support
is substantially stronger than that of all others. Group 7,
anurans and urodeles, is defined 'by twelve synapomorphies
(and possibly as many as fifteen) Group 8, caeciliang and
microsaurs, is supported by nine (possibly ten).

Those characters uniting anurans and urodeles (group 7)
are the fusion of posterior braincase elements (1),
prbotic/opistﬁotic fusion (2), imperforate stapes (9), a .

2%
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laterally extended paroccipital process (10"), the parallel -
sideg structure of the anterior extension of the braincase
(cultriform process) (13'), the widely divergent
interpterygoid vacuities (15"), the pogsession of an
operculum (5),ﬁ!he location of the vagus foramen (postotic
foramen) (6'). The unique articulation of the pterygoid with
the otic capsule (17'), and the loss of the epipterygoid (19)
are.also common features. Pedicellate teefh (22) are
equiprobably a synapomorphy Qf urodeles and anurans, or
independently derived within these groups. The absence of
postparietal elements (23) unites these orders. The
intervention of the otic capsule between the squamosal and
parietal (or frontoparietal) (26") is equiprobably a
synapomorphy, or independently derived. The “loss of the
quadratojugaly (30) is equiprobably a synapomorphy or
independently derived within the groups.

. The last oup to be considered is the order Gymnophiona
and 1its sister group the gymnarthrid/goniorhynchid
microsaurs, group 8. There are nine definite synapomorphies,
and one poésible one. The alternative apomorphies of the
craniovertebral joint (7" or 7'''). are equally likely as
synapomorphies. The absence of a synotic tectum (3),. the
structure of the paroccipital process, and the presence of a
pleurosphenoid element (ll) in the braincase are distinctive
features. Additional symapomorphies are, the shape of the
interpteryogoid vacuities (15'), and the wide, tapering

cultr}form process (13'''), Finally, the structure of the

lower jaw is seen as a unifying feature. The lower jaw is
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o ‘ subterminal in position (35). It bears an inner row or ssries .
of teeth (38), and a retroarticular process (39'). The laat; s
character is considerably more pronoundced in caecilians,

undergéing further transformation (39} -> 39W),

. -
4 .
8 -
i
B
N ! I




DISCUSSION

Apart from the enunciation of an objective and robust
methodology, the goal of this work has been to establish the
most probable phylogenetic position of the caecilians within
the tetrapods, most particularly, to choose the most likely
of a number of putative caecilian sister groups. As a
contingent result, this work permits one to propose a number
of hypotheses concerning the interrelationships of other
nonamniote groups, based on some fairly well supported sister
group pairings.

Before a discussion of the implications of the
cladograms shown in Figures 21 and 22, the rationale for the

character polarities must be given. A discussion of the

haracter state distributions within caecilians is followed by

\discussion of the character states among the various sister

\
groups.
\

\ I. Ingroup Characters

Outgrgup Comparison (Characters 1-14)

The modified outgrbup comparison resolves 14
characters.  The distribution of character states among

caecilian famili;s, and subfamilies is summarized in the

‘

first portion of Table 2a.
Characters.l through 4 are caecilian autapomorphies.
These include the presence of an os basale (character 1), the

possession of a tentacle (DeVilliers 1938; 1939) (character

w
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2), the higﬁly specialized iower jaw (3) and two parallel rows -
of pedicellate teeth on thg palate (4) are present in all
caecilian genera.

There is a great deal of variation in the number and
configuration of the elements of the dermatocranium.
Ontogenetically, the trends toward fusion of elements is
clearly demonstrated, not only in the braincase but also in
the dermal skull. The ontogenetic development of the skull has

<

been observed for a number of genera, including: Ichthyophis

(Peter 1898), Hypogeophis (Marcus et al 1933), Gegeneophis

(Ramaswami 1948), Dermophis (Hanken and Wake '1982),

Tyghloﬁéctes (chondrocranium only, Wake et al 1985) and

Idiocranium (Wake and Savage 1986). Those elements of the

. dermal skull that can be observed to undergo fusion to

adjacent elements in some genera include: nasal {5),

prefrontal, septomaxilla, premaxilla (6), circumorbitals,

quadratojugal (in Hypogeophis only), pterygoid (7), quadrate

and in Scolecomorphus, the stapes (8). These elements are

identified by topog aphical location only, and their
homologies can not/ge establ ished definitiéely; Those assigned
character numbers occur as discrete units in the adults of at
yleast one genus and can be polgrized by outgroup comparison.,
The greatest number of separate units is found in the fsmi}y
Ichthyophiidae. )

In primitive tetrapods, anurans, urodeles, microsaurs,

nectrideans, and lysorophoids, the nasals (5), premaxillae

(6), pterygoids (75, quadrates and . stapes (8) all appear
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primitively as separate units. This is taken to be the
iprimitive condition for1each of these elements within the
caecilians. Circumorbital elementé other than preffbnéals are
present in gymnarthrid microsaurs (Carrroll and Gaskill 1978),
primitive urodeles (Hxnob}us) and dissorqﬁhids, but abssat
primitively in anurans (Estes and Reig 1973), and Lysoropboids
(Bolt and Wassersug 1975). Anurans lack a prefrontal. The
segtomaxilla is present as a distinct element in urodeles,
anurans (Duellmann and Trueb 1985),xnicroséurs (Carroil and
Gaskill 1978) and nectridians, but is not represented in any

of the known lysorophoid material (Bblt and Wassersug 1975),

nor in Doleserpeton (Bolt 1969).

There are few characters of the dermal palate that
exhibit much variation. Two such characters discussed by
Nussbaum (1977, 19;9a) are the configuration of the vomers
(9), and the size and shape of the internal naéis (10). The
vomers range from being widely divergent posteriorly in
rhinatrematids, to being bilaferally,apposed along the
midline throughout their length. The condition found }n
anurans, urodeles (Duellman and Trueb 1985), gymnarthrid
microsaugs'(Carroll and Gaskill 1978), primitive
labyrinthodonts (Romer 1945), and lysorqphoids (Bolt and
Wassersug 1975), alstopods and nectrideans (Milner 1978;
Bossy 1976), and dissorophids (Carroll 1964), is one in which
the’ vomers are apposed tﬁioughout all or most ;f their
length; it is here considered primitive. The internal naris
in caecilians is generally small and surrounded by .the vomers

and maxillopalatines. This is similar to tﬁe pfﬁmitive
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tetrapod condition and that in most anurans, salamandexs,
microsaurs nectridians and lysoroﬁhéids. The typhlonectids,
uniquely, have greatly eniarged internal nares, which can be
plugged by ossicles on the tongue. This is taken as being
derived (10'). Another uniquely derived feature of the
internal naris is found in the scolecoxﬁorphids, where the
choanal border is indistinct (10") (Nussbaum 1979, 1985), .

Primitively in tetrapods, and universally in the proposed
sister groups of caecilians the orbit is open. This is the
case in most caecilians, but in the scolecomorphidae (Brand
1956) and in somé dermophids and caeciliids the orbit (11) has
become occludéd/by dermal bone. The latter state is taken to
be derived.

The relationship of the orbit (when present) and tentacle
is subject to variation. The tentacle is usually taken to be
the homologue of the naBola¢rimal duct in other tetrapods
(Weidersheim 1879 as cite® in Badenhorst 1978). From a study
of tentacular development by Badenhorst (1978) it appears that
the tentacle structure incorporates the Harderian gland, the
M. Retractor bulbi of the eye, the nasolacrimal duct, and is
asgsociated with Jacobsen's organ. Ontogenetically, the
tentacle begins in front of the developing orbit in the
familiar location of the nasolacrimal duct and usually
migrates anteriorly. The development of this structure in

rhinatrematids takes a different éourse. It is closely

.associated with the eye early in development, and in adults is

located fully within the orbit (Nussbaum 1977). The adult
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condition in the ceecilians varies from one in which the
tentacle is in front of the orbit and confluent with it (some
ichthyophiids and dermophidg), to one in which it is located
far anterior to the orbit and separated from it by dermal

bone (Uraeotyphlus, Scolecomorphids, and Typhlonectids), to

one in which the tentacle is located fully inside the orbit.
Judging by the position of the Harderia? gland (Walls 1942)
and the nasolacrimal duct in living tetrapods and the position
of the nasolacrimal candl in primitive fossil tetrapods and
rhipidistians (Jarvik 1980), the condition in which the
tentacle is anterior to (l12) and contiguols with (13) the
orbit would appear to be primitive. The other conditions, the
tentacle far anterior (12') or wholly within the orbit (12")
are considered advanced. The condition in which the orbit and
tentacular apgrture are separated by dermal bone (13) is
considered derived. Unfortunately, the condition of the
nasolacrimal canal in lysorophoids is indeterminate (Bolt and
Wassersug 1975; Wellstead 1982), but given the existence of a’
distinct lacrimal unit it w£11 be assumed that the standard
relationship obtains.

In all outgroups, and most caecilians, the connection
of the cheek with,the skull table or braincase is in the form
of a wide synostosis (14). The cheek does not contact either
skull roof or braincase in some scolécomorphids (e.g
Scolecomorphusg) (14%), but does in the\normal manner in others
(Crotaphatrema). Uniquely in rhinatrematids, a .peg-in~socket
articulation has evolved between the dorsolateral surface of

J}>the 08 basale and the squamosal. The rhinatrematid condition

. s
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is taken as derived (14').

Stratigraphic Sequence

The fossil record 1is of 1little assistance in
reconstructing the caecilian morphotype. Two fossil
vertebrae have been described, one from the Paleocene (Estas
and Wake 1?73), the other from the Uppermost Cretaceoqﬁ
(Rage 1986). They appear to be typical mid-dorsal vertebrae
showing "only minor variations on the modern caecilian
pattern. Despite their holospondyly they do not bear aay
great deal of resemblance to the wvertebrae of anurans,
salamanders, gymnarthrid microsaur;, or lysorophoids, and
especially not to that of the nectrideans. All that can be
learned from these fossils is that the modern caecilian
vertebral structure had been established by the Upper
Cretaceous.

In summary, outgroup comparison allows discrimination
of character states for 14 characters, four of whigh
(Characters 1-4), are autapomorphies. These characters, a;d
their distribution among families are summarized in Table 2a.
Because of the dearth of caecilian fossil material,
stratigraphic sequence of features is incapable of resolving
any'characters. This does not however diminish the validity of

the paleontological argument in principle.
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« 'i'he Caecilian Stem Group

B
The Ichthyophiidae, standargﬁ known as the Subfamily

Ichthyophiinaeand comprising the genera Ichthyophis and

Caudacaecilia, have the primitive condition of all 14

characters. The Uraeotybhlidae exhibits 12, Rhinatrematids
display 11 of these plesiomdrphies, dermophids 1l1.
scolecomorphids 8, caecillii\ds 8, and.Typhlonectids 7 (see
'}‘ableq4a). Qn this basis, it is postulated that theﬁ
icht::hyophiidg resemble most clnosely the latest common
ancestor of all known living caecilians (fig. 23).
‘Having designated a most ple3iomorphic known member, (the
I\t\:hthyophiidae), it is now possible to refine the putative
’ r morphotype, and to resolve further ingroup golarities."Note
fro;n thg" preceding 'section that, by chance alone, the
'ichthyéphiines“possess only plesiomorphic states <;:f t;he
charac?:ers po;?rized.cThis means thas the putative morphotype,
will be coextensive with thme most—primitive known member

v “
(namely the Ichthyophiinae). This is not a requirement of

morphotype analysis, nor does it say anything abuout the

veracity of the result. For the clinal charact:,c-::rs listed

‘beldw, the plesiomogphic state is taken to be that wi‘xi"ch is

s f

9

present in the Ichthyophii‘nae.ﬂ

1"': -
’A;\‘,'/ \

& Congruence Characters (15-29)

-*
+

Nussbaum (1979a) contended that the condition fé:md"
. 5

a
a ! a
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uniquely in the rhinAtrematids in which the contact of the
maxillary portion Qf the maxillopalatine with the gquadrate
excludes the squamosal from the ventral border of the cheek
is primitivy for caecilians. The common condition, found in
Ichthyophiids, and indeed all caecilians except

rhinatrematids, is one in which the squamosal unit

contr fbutes o the ventral border of the cheek (15) (see

fig.27a), A distinct septomaxilla (l6) is present in the

ichthyophiids, rhinatrematids and scolecomorphids; in

typhlonectids, and caeciliids it is fused to the .

maxil lopalatine (Laurent 1984). A distinct septomaxilla is
"

also present in andurans, urodeles, nectridians and
microsaurs, but not in lysorophoids, some dissorophids and

alstopods. .

The orbit, when present, and tentacle vary in their
spatial relationship to\the dermal elementg (17, 18). In the

Rhinatrematid Epicrionops, the orbit is open and located

entirely within the maxillopalatine. A similar relationship
is found in the caeciliids with open orbits (17'\ In the
Dermophidae, the orbit, when present, is invariably defined
bNy 'the maxillopalatine and -the squ;mosal (17") (Taylor 1969).
In both scolecomorphid genera the orbit is o«;:cluded. The
primitive’ condition, found in ichthyophiines is one in which
the orbit is surrounded by a circumorbital bone,

With one exception (rhinatrematids), tl';e tentacle (18)

in all families is anterior to the orbit (when the latter

feaéure is present). In the Ichthyophiidae it is wholly

106




conQ?ined within the maxillopalatine, the probable primitive
condition. The primitive condition is shared with the

dermophines figured by Taylor (1969) except Idiocranium,

Geotrypetes, and Herpele. Rhinatrematids are considered here

to share this plesiomorphy as the tentacle/orbit is contained
wholly within the maxillopalatine. In uraeotyphlines (Nussbaum
i979), typhlonectids and caeciliines, the tentacular apertdre
is shared by the nasopremaxilla and maxilla (18'). In
scolecomorphiés the tentacle exits ventrolaterally to the
external naris, and is'bordered by the maxillopalatine,

prefrontal and septomaxilla (Nussbaum 1985) (see fig 27b)

(18").
®

,

The cheek unit has a moveable articulation with.fpe
braincase (19) in all families except the scolecomorphids
(Brand 1956). This latter state Ls&considered advanced. In
Ichthyophis, as in most caecilians, the squamosal is sutured,
or closely apposed to the parietal (Visser 1963; Taylor 1969).
In one genus of scolecomorphid (Brand 1956; Nussbaum.1985) the
pogterior attachment of cheek unit and skull table is

evidently lost. In the other the primitive condition is

retained. The basicranial articulation of caecilians is a

’ syn%vial joint between the pterygoid (or the pterygoid portion

of the pterygoquadrate) (20) (Marcus et al 1935; DeVilliers
1938), Despite its specialized function, it appears very
similar. to the ‘basicranial articulation of primitive
tetrapods above the level of the ichthyostegalians (Carroll
1980; Smithson 1982). It &oqsists of a boss from the os

basale which fits into a rugose pad covered with cartilage in
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the pterygoquadrate. A similar basipterygoid process is.,

found in the braincase of dissorophids, atstopods,
microsaurs urocordylid and scincosaurid nectrideans and
lysorophoids, but not in anurans and urodeles. Evidently,

this structure is not present in rhinatrematids—Nusgbaym

(1979). Its absence is takén to be the derived state. Brand ’

(1956) maintains that it has also been lost 1in
scolecomorphids as a resﬁlt of the exireme diminution ;i the
suspensorium; this however is not supported by Nussbaum
(1985). ‘

‘The ,shape of the braincase (21) has been/invoked as a
lissamphiﬁian s;napomorphy (Parsoﬁs and Williams 1963;
Nussbaum 1977). This character varies within the°§aecilians.
The common condition, exhibited by ichthyophiids, is one in
which the braincase tapers anteriorly. There are two unique
variants on this. 1In th Rhinatrematidae, and the

wScolecomorphidae the braincase is somewhat more parallel-
sided (fig 27) approaching the strut-like configuration found
in anurans and urodeles. It appears that this configuf;tion

has evolved independently in the two families, The

rhinatrematid condition is formed by the enlargement of the

parasphenoia portion of the os basale (21'). The

scolecomorphid condition (21") is formed by the expansion of

. the orbitosphenoid (Brand 1956; Nussbaum 1985).
The occipital condyles of most ichthyophiids are joined
medially by an isthmus (22), a condition shared with the
rhinatrematids, uraeotyphlids and some dermophids. In other

4.4—1?
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forms the condyles are distinct; the latter state is here
considered derived.

The structure of the stapes, when pfesent, is
relatively invariant. The single variable character is the
relationship of the style to the stapedial artery (23L In

ichthyophids, rhinatrematids, Hypogeophis and Gymnopis proxima

(Taylor 1969a), the style is perforated for the passage of the
artery. In caeciliines and typhlonectids thé artery passes
around the stapedial style. The stapes in scolecomérphids
becomes fused with the quadrate ontogenetically (Brand 1956).

The lower jaw of caecilians is unique (24, 25). It is a
highly specialized structure and function have been discussed
by Nussbaum (1983). The ratio of the preartfculax skull
length: lower jaw length (24) varies from approximately 1.0 in .
rhinatrematids to between 1.4 and 1.5 in scolecomorphids. In
most forms the mouth is slightly subtermingl, as is the case
in ichthyog&iids. The terminal mouth of rhinatrematids is*Seen
as a uniduely'derived feature. Similarly, the iﬁfléction of
the retroarticular process (25) varies from approximately 00°

in rhinatrematids to approximately 58° (unpublished data) in

Scolecomorphus. A slight inflection is found in Ichthyophis;

it is taken to be the primitive condition.

Three b;sic types of hyoid structure (26) can be
recognized in the gymnophionans (Nussbaum 1977). These are:
the ichthyophiid type in which éhe ceratohyal and the
ceratobranchial are subedqual in length and breadth, and joined
by a short basibranchial, with ceratobranchial 3 and 4 present

and fused - the caeciliid and typhlonectid varient has a much
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expanded Cb 3+4, the rhinatrematid type in which the
ceratohyals are bulbous, and only two (Rhinatremaf:Cb 3 and 4

lost), or three (Epicrionops, Cb 4 lost) ceratobranchials

remain (26') and, the scolecomorphid type, where Cb 3 and 4
are fused posteriorly (26"). The ichthyophiid condition is
considered plesiomorphic. It should be noted that the
ichthyophiid condition resembles most closely the morphology
of the hyoid apparatug in primitive (hynobiid) salamanders
(Edgeworth 1935; Eaton 1937; Fox 1959), some tuditanomorph

microsaurs (Pantylus -Romer 1969), lysorophoids (Brachydectes

Wellstead 1985), and where known in adult, albeit paedomorphic

labyrinthodonts (Dvinosaurus Bystrov 1938; Kaurerpeton Olson

and Lammers 1976). This is radically different from the hyoid
structure of frogs (Trueb 1973).

As part of the highly défived jaw system of caecilians,
the gular musculature has become expanded and assumes the
fupction of an accessory jaw adductor (Nussbaum .1982), This is
a feature of all caecilians but some variation is apparent in

<
the degree of elaboration of the system. Nussbaum (1977)

designates the primitive condition as being one in which the
the M. Interhyoideus posterior and is a small, single bundle.

In most other caecilians except rhinatrematids, the M.

Interhyoideus is made up. 0f two bundles and is considerably
v

larger. As the latter is the condition in ichthyophiids, it is
taken to be primitive here. These muscles are distinct units
in most other tetrapod but their condition cannot be inferred

for the fossil groups
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In all caecilians'except "the rhinatrematids, the
standard teleostome adductors are confined wholly within the
primitive adductor chamber (28). Both of the rhinatrematid
genera are zygokrotaphic. Uniquely, in this family, the M.
Adductor mandibulae Internus muscle mass is greatly enlarged
and passess through the temporal fenestra, finding its origin

on.the lateral surface of the braincase and on the skull roof.

Theré is a small sagittal crest along the medial parietal

suture. As it is not present in any‘of the ichthyophiidae, it
is here considered derived.

A distinct prefrontal is preséntoin ichthyophiines,
uraeotyphlines and scolecomorphids. It is absent as a separate
unit in rhinatrematids, although it is coded as being present
by Nussbaum (1979a). The prefrontal is present as a distinct
element in all potential outgroups except anurans. BecaTise

the ichthyophiids possess a separate prefronta]/.d, that

condition is considered plesiomorphic.

A

I1. Outgroup Characters

Having’ arrivéd at an approximation of the latest cor;\mon
&ncesl;or of all ingroup members, namely the family .
Icthyophiidae, the putative caecilian morphotype'can now be
~used in egtablishing the higher order relationships of the

group. There are a number of cranial features that have been

/
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cited as evidence of caecilian relationships to the
aforementioned groups. These and other characters are asgribed
polarity on the basis of the primitive anamniote tetrapods as
the designated outgroup. Any characte: state manifest in this
latter group is designated as plesiomorphic. It should be
noted that the paleontological criterion is valid for outgroup
analysis also. It has not been implemented, however, due to
the very poor time resolution between most of the proposed
groﬁps.The oldest lysorophoids, microsaurs and nectrideans
are known érom the same Lower Pennsylvanian stage (Westphalian
D-lysorophoids, B-microsaurs, and A-nectrideans, B-C-
dissorophids). The earliest true anuran Vieraella and the
specimens tentatively identified és caecilians are both known

from the Lower Jurassic (Liassic), the earliest Salamander

from the Upper Jurassic (fig. -2).

Braincase (Figure 24).

&
Primitively in tetrapods, the braincase comprises a

number of distinct elements. Separate elements compose the

—occipital arch: exoccipitals, basiocciptal, and sometimes a-

supraoccipital. The otic capsule is made up of separate
opisthotic and pré&tic elements. Anurans, urodgles,
caecilians and a'lstopods exhibit variable degrees of fusion
of the braincase. The posterior portion of the braincase, the
otic-occipital moiety is totally fused as &a single
ossification in al!stopods (McGinnis 1967) and caecilians

(1'). In anurans and urodeles generally the braincase is
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fully or partly co-ossified. Co-oksification occurs by the
fusioq of the occipital arch (and presumably th; basifphenoid)
with the opisthotic, and then in turn the fusion of this
compound element with the pro8tic (1"). In some pgimiti§e
salamander families, Karauridae, Cryptbbraﬁ&hEAae, and
quobiidae this fusion does not occur (Dueliman and Trueb
1986). The braincase of anurans generally is made up of two
paired elements, an exoccipital-opisthotic, and a large
proBtic (1"). In some anurans (Trueb 1973) and urodeles the
pro®tic and opisthotic are distinct. The otic capsules of
caecilians and alstopods are fully fused. The elements of the
otico-occipital moiety are totally fused in caecilians. In
lysorophoids, and tuditanomorpl microsaurs (with the exception

of Cardiocephalus sternbergii Carroll and Gaskill 1978:172)

they are distinct. The dissorophid braincase exhibits the
primitive féatg;es (Carroll 1964).

A synotic tectum (3) is present primitivelycin
tetrapods as the ©posteriormost element of the
chondrochranial toof\(DeBeer 1937: 393; Heaton 1980). This
element is absent in all caecilia;s (Wake and Hanken 1982),
It is difficult to discern exactly the condition in
microsaurs. Although little is known of the dorsal surface
of gymnarthrid braincase, it does not appear to be roofed in

the otic occipital region. Rhynchonkos bears a very small

supraoccipital (Carroll and Gaskill 1978), but a roofing
element uniting the otic capsules is not evident. The

micrquLrs are tentatively identified as lacking a synotic
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( tectum. The synotic tectum is present as the sole remaining
chondrocranial roofing element in urodeles., In anurans it is
present as one of a suite of roofing elements. There is no
mention of the presence or absence of this element in
dissorophids *(Carroll 1964)., Presence of a synotic tectum is
here considered primitive, its absence derived. It should be
noted here however, that the colosteid braincase possesses no
posterior roofing elements (Smithson 1982). The braincase of
Eryops is completely roofed dorsally (Sawin 1942).

The occipital arch of primitive temnospondyls is devoid
of a supraoccipital element (4) (Smithson 1982), as is
probably the case. in primtive anthracosaurs (Clack and Holmes
in press). Lack of a supraoccipital is inferred on this basis
to be the primitive condition among tetrapods, its possession
is apomorphic.d'l‘he braincase of Al'stopods, being completely
roofed, 1is considered to possess a supraoccipital (4') (and a
synotic tectum). The supraocciptal is agsent among urodeles,

H *fanurans, cacilians. It is present in lysorophoids as a large
element extending anteriorly between the postparietals
(Wellstead 1985). It is variably represented within the
tuditanomorph microsaurs., It is absent in gymnarthrids

\
(Schultze and Foreman 1981{Y, but present in Rhynchonkos. The -

dissorophid condition varies. Although it is absent in
Y

Tersomius and Doleserpeton, it is presumed to be present in¥

.

Dissorophus (Carroll 1964; Bolt 1969) ~

N

A neomorphic element, the operculum (5), is present in

c the fenestra ovale of many anurans and salamanders, onto
which attach variously the M. cucullaris minor or the M.
' S
- //
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Levator scapulae (Monath {g@@i. Although its pr?sence is
variable betweepp and within families of anurans, it appears
to be plesiomorphic to that order (Monath 1965). It has been
suggested as an syniﬁbmoréhy‘of the lissamphibia (Parsons
and Williams 1963), but its presence in caecilians is
equivocal. It was cited by Els (1963)‘55 being fused to the
footplate of the stapes af gymnophionans early in ontogeny. In
no adult caecilian is there a known operculum. It is presumed
here to be absent in caecilians. Carr011<§nd Holmes (1980),

and Carroll and Gaskill (1978) restoré thé otic region of

Goniorhynchus and some other microsaurs (e.g. Pantz&gﬁ) as

having-an opening between the footplate of the stapes and the
opisthotic border of the fenestra ovale (fig). It is sﬁggestedﬂ
by Carroli and Holmes (1980) that this perhaps housed an
operculum similar to that of frogs and some salamanders, but
there fs no évidence of this. No such structure is found in
"lysorophoids or nectrideans. Among primitive salamanders, some
hynobiids and all cryptobranchids lack an ossified operculum.
Its presence is here designated as derived.

Primitivelx in tetrapods, cranial nerve X (vagus) exits
between the exoccipital and the opisthotic (ghithson 1982)
(6), the coﬁi;guratgbn found in nectrideans (Beerbower 1963)
1ysoropho}ds (Wellstead 1984) and dissorophids (Carroll 1964).
In gymnarthrid and goniorhynchi§ microsagrs, the foramen is
completely surrounded by the exoccipital. It is particularly

evident in Rhynchonkos (Carroll and_giggill 1978). Although a

number of groups display extensive co-ossification of the
1

-~
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chondrocranium, the position of this foramen is extremely

close to, or is on ‘the ridge forming the craniovertebral
s, ey

J_f
joint. Topographicallyf it is taken to be within the

~exoccipital. The foramen is located on this ridge in

Alstopods, and immediately anterior to it in caecilians. Its

v
v

position in anurans and urodeles, although close to the

condyle in many forms, is difficult to determine. I have
N ”

tentatively <coded it as within the fused-

exoccipital/opisthotic (6'). The craniovertebral joipt (7)

itself exhibits a considerable variety of forms. Primitively,

in tetrapods above the level of the ichthyostegélians, it is a

single convex unit encompassing the exoccipitals?and the

basiocciptal. In anurans, urodeles, nectrideans, gymnarthrid
<

microsaurs and some ichthyophiid caecilians it consists of two

distinct paired comdyles, lateral or ventrolateral to the

foramen magnum (7'''). In some ichthyophiiad caecilians, and

. : e ”
goniorhynchid microsdurs the two condyles are joined medially
by a small isthmus (7"). Uniquely, the alstopod
craniover tebral joint (7') is a single medial parabolic

5

concavity with a raised{rim (Gregory 1948). Primitive

microsaurs and 1lysorophoids sharqva condition in which there

is a single strap-shaped element spanning the basioccipital
- L

and exocptpitals (Wellstead 1985), approximating the primitive

condition. . ' J , . . '

. . e Y A .

The structure of the btapes (é) varies between groups.

)

In frogs (8'), the stapes has a long, slender style and acts,

¢
>

in conjunction with the plectrum, as an impedence matching

element (Bolt and Lombard 1985). This is very similar to the

-
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dissorophid condition (Bolt and Lombard 1985). The gross

structure of &he stgpes in lysorophoids, caecilians, and
urodeles is similaz;thﬂ&?ns§éks of a l1arge footplate wit% a
shqrt style directg@qtowards the sggpensorium (8"). The
nectridean stapes is unknown. The stapes of Phlegethontia was

- \
restored as having an extremely 1long, slender style by

Turnbu}l and Turnbull (1955) Although the style of the
alstopod stapes,;s unknown, the“morphology of the footplate 1is
unique En its ventral 1ocati;n on the brainc , and 3}&
roughly polygonal shape (8'”)(Gieg5ry 1948), Stapedial
morphology is highlf variable in the microsaurs, but in the
Families Gymnarthridae and Goniorhynchidae it conforms to the
urédelq'-1ysorophoid—caecilian type. Gregory et 33“1956
assert that,tﬁ; stapes of gymnarthrids caeciliaés atstopods
‘and urodeles share the same gross morphol ogy. '

?he grim;tive condiéion'of the tetrapod stapes has been
Qiscussed by-Smithson (1982) and Smithson and Thompson (1§82).
Primitiveiy éhe stapes was a large heavy structure, w éh a

.

small footplate relative to its overall size, and a long,

4

" ventrally directed gquadrate process. Additionally, the

primitive tetrapod stiapes bore a stapedial foramen (9) that
permitted th? passage of the stapedial artery (Smithéon 1982;
\Eydfrey é} al 1987). The primitive condition is.present in
‘lyséropﬁoids, gymnarthrid and goniorhynchid microsaurs with

the exception of Cardiocephalus sternbergi dissorophids

..1301; and Lombard 1985) and primitive caecilians. The

stapedial foramen is absent in anurans, and urodeles (Kingsley:

4" , . .
~* i)
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G’, and ‘Reid 1942). There is a single gxception in the urodeles.
In’approximately 40% of spgcimens of Ranodon, the stapes-is
- fenestrated' for the passage of the orbital artery, acgording
to Schmalhausen (1968).
In primitive tetrapods, a relatively short
pfraoccipital process extends dorsolaterally from the otic
caps&le to brace against the skull roof (Smithson 1982) (10).
- In keraterpetontid nectrideans that have tabular horns, the
otic capsule is .considerably e;tégged laterally (10").
Similarly in anurards, the crista parotica of the szotiché

extended laterally and joins the squamosal. A similar

arrangement js found in urodeles such as Cryptobranchus,

although the otic capsule is less drastically laterally
expanded. The*otié capsule of caeciiians, microsaurs,
lysorophoids, alistopods bears no significant lateral extension -
toward the skull roof (10%). | . B
Gonlorhynchid microsaurs and caecilians uniﬁuely share
‘" 'an ossified pleurosphenoid element (ll1) between the
. oticoccipit&i and etﬁmoid moieties of the braincase (Carroll
" and Currie 1975). The dermal paraspﬁenoid is distinct from the
endochondral brainéase in primitive tetrapods, frogs,
s salamanders, mf&rosauis, dissorophids and 1ysorophoids (12),
glthﬁugh in some of these it may inéorporate the basisphenoid.

In caecilians the parasphenoid is fused to the braincase

(Marcus et al 1935). The aPstopods exhibit a variable
condition in which the parasphenoid is either distinct from
c" the braincase (Gregory 1948) or indistinguishaby fused to it

(Turnbull and Turnbull 1955). Parasphenoid fusion is derived.
04 LI &’
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The cultrifof@ proc;ss of the pa;gsphenoid '(13) of primitive
amphibians is a long, slendfr, tapering structure (Carroll‘
1982). A number of derived conditions are found wiéhin‘ﬁha
groups under consideration. ;he cultriform.p;oceg; is a
parallel-sided, strut-l_ike st@e in frogs and salamanders
that terminates far anteriorly in a wide transverse suture
with the vomers (Parsogg'add Williams 1963). In addition, much
of the anteroventral surface of the braincase is formed not by
the cultriform procéss of the parasphenoid but by a mesial
extension of the ethmoid unit (13'). In lysorophoids, the

cultriform proéess narrows slightly anterior to the

[ 4

/E?sipterygoid processes, Jjoining the vomers at an oblique apex

(Wellstead 1985) (13"). The cultriform process‘of mictosaurs

- (Carroll ;;§>§askill 1978) and primitive caecilians is broad

-

posteriorly and narrows rapidly anteriorly‘(IBW;L,Bo;h the

Alstopods and the nectridians exhibit the primitive condition

- of i long slender cultriform process. Primitively in

A\

}‘ -
‘amphibians, and in all groups considered here, there is a

distinct sphenethmoid (14). The anterior portion of the
braincase, the 0s sphgnethmoida}e in caecilians, and the
orbitosphenoid in urodeles is a single, fused endochondral

element.

ﬁalate (Fig. 25) . ’ .

The interpterygoid vacuities (15) ar{'variabl; in-
primitive tetrapods, ranélng from closed or very narrow in the
primitve colosteid temnospondyls ichthyostagalians and

anthracosaurs, to extremely wide in later temnospondyls (bolt
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1;77). The primitive condition is probably closed or with a
VRery narrow spgcé between the pterygoids or the pterygoids and
the cultriform process. The interpterygoid vacuities of
anurans, dissorophids and urodeles are extremely wide (15').
reaching maximum width at the midlength of the cultriform

process: In contrast those of microsaurs and caecilians are

'somewhat constricted (15"). The pterygoids are widely

divergenE from one another posteriorly, such that the point of
widest divergence of the pterygoids, aﬁterior to the otic
capsule, is at or ﬁear the basicranial articuldtion. Ln
lysorophoids the interpterygoid vacuity is almost entirely

occupied by the parasphenoid and may have been joined to\it by

" cartilage (Bolt and Wassersug 1975). Although the pterygoids

areawidely‘divergent, the lack of an interpterygoid vacuity
approximates the primitive condition. The pterygoids of

a!stoﬁods are long narrow structures running p;rallel and
closely appressed to the long slender cultriform process (Lund
1972). Nectrideans exhibit all three states. It is closed in

3

Batrachiderpeton, divergent posteriorly in Sauropleura and

extremely wide in Ptyonius and the keraterpetontids. The

pterygoids in addition contact their bilateral counterparts

o

.anterior to the parasphenoid, thus excluding the vomers from

the margin the interpterygoid vacuity, if present (16). In

'the-agvance form the vomers contribute to the margin of the

interpterygoid vacuity. This character is present in all”
groups considered here except, as mentioned above, certain
*

urocordylid nectrideans.

120 7




The generali tetrapod condition for the basicranial
articulation, above the level of the ichthyo§tegalians, is
that\of the pterygoid contacting an eminence formed b*'y the
parasphenoid or parasphenoid and epipterygoiada (17). TE}&]
condition is found throughout most of the groups considered
except anurans; urodeles, and keraterpetontid nectrideans. In
the anurans and urodeles, the basal ramus of the pterygeid,
when present, contacts or apposes, the otic capsule (Trueb
1973; Duel lman and Trueb 1986) (1:1'). The pterygoid is fused

to the parasphenoid in the nectridean Diploceraspis (Beerbower

1963) (17"). The anterior ramus of t%e pterygoid contacts the '
maxillary arch, usually indirectly through the palatine and,

;ﬂhén present, the ectoptery)g_oid (18). The pterygoid does not

‘contact the maxillary arch in urodeles, al%stopods, .and

lysorophoids, the derived cbndition. The three modern orders
generally have no epipterygoid (Romer 1970 ; Goodrich 1986).

An epipterygoid element may, however, be present in the

hynobiid salamander Batrachupeurus..All-other groups have an
epipterygoid. Possession of an ep‘ipterygoid is the primitive
tetrapod condition (19).

An ectopterygoid is present in the palate primitively
(20), and in microsaurs and most nectridear;s. Most

dissorophids, excep't Doleserpeton, possess an ectopterygoid

(Carroll 1964; Bolt 1969). It is absent in all the modern
orders, lysorophoids, and advanced nectrideans (Beerbowex

(1963) makes reference to an ectopterygoid in Diploceraspis

but none was found by Milner (1978)).

Caecilians are noted for possession of a row of highly
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special ized palatai teeth paralleling the marginal row (21n."
This is the advanced condition and was.thought to be shared

with ’the goniorhynchid microsaurs (Carroll and Currie 1975). A

battery of palatal teeth on the vomer palatine and

ectopterygoid, such as is found in Rhynchonkos, gymnar:hrids
and nectridians, howev:er, is probably a retention of the
primitive tetrapod condition.Q The lysorophoids have a well
developed row of teeth on the vomers (21"), and none on the
palatiPe, (Wellstea:l, 1985). A similar condition is found in

most urodeles (including such primitive genera as Hynobius and

Cryptobranchus), and a number of anurans. Al!stopods, some

anurans, nectrideans (e.g. Scincosaurus, Uro'corgxlus) do not

have a well developed row of teeth on the palate (21''Y),
A\

Generally, dissorophids retain the primitive labyrinthodont
palatal dentition. Fangs ‘are present on the palatine and
ec“toptetrygo‘id (Tersomius, Carroll 1965). Small clusters of $

vomerine fangs are present in Doleserpeton .(Bolt .1969)& o,

Pedicellate ,teeth (22) have been noted for frogs, salamanders:

Doleserpegon, and caecilians, ghe:{r presence is universal only
'In the caecilians (see Estes-1964, 1965,1969,1981; Duellfan
and Trueb 1985). Possession of pedicellate teeth is an
apomorphy (Parsons and wi,lliax;ls 1962). .

»

Dermatocranium and}Sus'pensorium (Figure 26). -

Primitively in tetrapods a number of dermal skull roof

elements are located posterior to the parietals, including the
}

tabulars, pos&paritals, and (if posterior) the supratemporals




Figure 26

IsS

Various Skulls

in Dorsal view.

As in fig.

25







0

A

(23). These undergo reduction in number in a great variety of
lineages. The homologies of post-parietal elements is often
difficult and has been a cause of much debate. For that reason
I treat these units as a whole. There are no dermal skull

roof bones posterior to the parietals in any of the members of

. the modern orders. This is taken to be the derived condition.

Postparietal elements are 1o§t'ih phiegethontiid a&s;opods but
are retained in ophiderpetontids (Bossy 1976) and Lethiscus
(Wellstead 1982)[“hectrideans retain postparietal elements. In
lysorqphoids tyo separate postparietals lie at the posterior
extremity of the skull table. The parietals and frontals are
usually, and primitively, distinct fram one another (24). A
'fused frontoparietal 1is present in anurans, and in
phlegethontiid a%stopods. G%egory (1948) hds an alternate
7 \

interpretation of the bones composing the skull roof of

Phlegethontia). A parietal foramen (pineal foramen) is located

along the mid-pafietal suture in primitive tetrapodg (25).
There is no parietal foramen'inothe modern amphibian orgers or
in lysorophoids. A parie?al foramen: - igs retained in
dissorophids, nept}ideans and most alstopods. Some later

alstopods, Phlegethontia (McGinnis 1967) and Aornerpeton (Lund

1972), exhibit no pineal foramen. Its presence is variable in

the gymnarthrid microsaurs, being ipsent in Cardiocephalus

(Broili 1904; Gregory et al 1956) and Euryodus (Schultze and
Foreman 1981).

~A number of elements intervene bétwsgy the squamosal and
the parietal in the skull roof of primit{ve tetrapods (26).

Sgquamosal-parietal (26') contact was adduced as evidence of

]
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’liséamphibian_ancestry by Nussbaum (1979a). All three modern

orders do possess this trait, but in adddition in urodeles

\and anurans, it'commonly occurs that the parobccipital process

of the otic capsule is exposed dorsally between the squamosal
and parietal, or frontoparietal in anurans (26"). The crista
3pdr5tica of anurans is the site of connection of the
squamosal (Griffiths 1963) Squamosal-parietal contact is
present in lysorophoids (Wellstead 1985). The diminutive
squég?sal of phiegethontiids‘contacts the otic capsule (26").
Dissorophids maintain the primitive condition.
An ofic notch (27) |\is absent'ﬂin primitive

(N
labyrinthodonts, Although the cheek is embayed, it does not

hold a tymganum (Godfrey et al 1987). The only groups undeg

. consideration in this study that possess an otic notch are the

Anura and the Dissorophidae. .

‘A battery of six bones surrounds the orbit in primitive
tetrapods. The configuration of postorbital bones (28)
exhibits considerable variation. The postorbital elements are
los¥ completely in lysorophoids (Wellstead 1985), urodeles,
and anurans (Trueb 1973) (28"). A single element is bresent

surrounding the orbit in caecilians (28'). This has been

—called the postfrontal (alternatively called the ocular

(Taylor 1969a)) but its homology to thag element ?nleas{y

éetrapods is equivocal. The full complement of bones around
the orbit is retained in the microsaurs, dissorophids and the

nectrideans ;E% is here considered prihitive. The orbit is

[l

enclosed by bone posteriorly in afstopods, although
&
(
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authorities disagree over whether a postorbital is present in

the highly derived phlegethontiids. (cf. McGinnis 1967 and
Lund 1972). ~
A septomaxilla (29) is variously absent .J[e.g.

Greererpeton) or present ( e.g. Pholidogaster, Panchen (1976))

in the most primitive known temnospondyls. It is manifest as
a separate element in batrachosaurs. Ets presumed homologue,
the lateral rostral is present as a separate element in
ichthyostegalians (Schultze 1985). It is considered to be
present as a distinct el ement primitively in tetrapods. It is
present as a separate element in members of all the living
amphibian orders and the microsaurs. It -is absent in
alstopods, nectrideans, and lysorophoids. éarroll (1964)
illustrates a septomaxilla in Tersomjus. It is evidently

missing in Broiliellus (Carroll 1964) and Doleserpeton (Bolt

1969).
The structure of the cheek and suspensorium exhibits a
wide array of forms among the groups studied. The

quadratojugal (30), present primitively, is absent in

lysorophoids, some urodeles, and some anurans (30")._A

distinct quadratojugal may be present in a few primitive
- , Ve
urodeles (R. Cloutier pers. comm.). The anlage 0f the
AN .
quadratojugal is apparently Yused to the squamosal unit early

iﬁ the development of caecilians (30') (Hanken and Wake 1982;

Marcus et al 1935 Hypogeophis). It is present in alstopods,
nectrideans and microsaurs. '

Urodelges and gymnophionans are both thought to exhibit

kinesis (31) associated w%th the suspensorium (DeVilliers 1938

125 {L



Carroll and'Holmes 1980) (31). Thevquadrate and squamosal.foém
a vertical bar in salamanders, the fulcrum occuring at\the
squamosal-parietal or ;quamosal-oticocciptal' suture (Carroll
and Holmes 1980) (31'). Caecilian kinesis involwves
mediolaééral movement of the entire cheek region (Straub
1985). The fulcrum is usually located antgplprly between the
frontal and maxillopalatine. The kinetic unit articulates/y1th
the braincase at the basipterygoid process, and v{/wthe

stapes-pterygoquadrate joint (Marcus et al 1935; deJager'

1939¢) (31")., Lund (1972) reconstructed the cheek of.

OQ '.'
Aornerpeton as being highly motile but this interpretation ¥

requires further corroberation. The skull roof of nectrideans
is thought to have been kinetic, but not to have a mobile
suspensorium QMilner 1980). The quadrate of 1ysor?bhoids,
anurans, and microsaurs 1is akinetic,tﬁe primitive condition
(Romer 1950). The cheek of labyrinthodonts is occluded by
dermal bone (32), as is that of neftrideans, gymnarthrid and
goniorhynchid microsaurs, dissorophids and primitive
cagcilians. It i~s\# fenestrated in anurans, wurodeles,

a¥stopods, and lysorophoids, the derived conditidn. The
£# N

ventral cheek margin is complete primitively (33), but is

incomplete in lysorophoids and urodeles. The craniomandidular

Joint 1s located at the level of, or posterior to the level

. of the occipital condyles in primitive labyrinthodonts (34).

It is clearly anterior to the occiput in gymnarthrid and
goniorhynchid m%crosaurs, urodeles, some anurans, caecilians,

and lysorophoids. In fact in the 1last oft&hese, as Wellstead
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(1985) points out, the_craniémandibular joint is anterior to

the Rasal articulation. The condition in anurans is varibble.
\
Alstopods retain the primztive configuration.

Lower Jaw and Hyobranchium

The lower jaw is terminal primitively in tetrapods (35).
In primitive caecilians, gymnarthrid and goniorhynchid

microsaurs, the lower jaw i\ subterminal. The jaw is terminal

-
~ -

in all other groups studied here.

Primitively in tetrapods the lower jaw comprises a
battery of dermal bones surrounding Meckel's cartilage,
including. the dentary, angular, surangular, coronoids,
splenials, prearticular, as well as the endochondral articular
(36). A number‘ of modifications are found in the groups
studied here. The lower jaws of thg microsaurs, lysorophoids,
diésorophids and nectrideans are essentially primitive, apart
from the loss or fusion of one or two minor elements.” The
lower jaw of phlegethontiids, caecilians, anurans, and
urodeles all consist of two dermal elements. The distinctive
caecilian lower jaw comprises a pseudodentary and a
pseudoangular which incorporates the articular. The two
eléments are joined by a long squamous joint passing from

posteromesial to anterolateral (36'). A similar arrangement is

found in Phlegethontia (Turnbull and Turnbull 1958)., The

anuran lower jaw comprises a dentary and an angulosplenial
(36"). The urodele 5aw is made up of a dentary and
prearticular with a separate articular in some forms) (36''").

Anurans and-urodeles possess an ossification of Meckel's
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cartilage at the mandibular symphysis, known as the

mentomeckel ian (37). It is an advanced character. It is not
present in all frogs but appears to be characteristic of

5

primitive members. . .

Carroll and Currie (1975) point to the possession of a
3

mesial row of teeth on the lower jaw (38) in Rhynchonkos and

in caecilians. This condition is not found universally in
caecilians, but is found in the primitive members. It is also
evident in gymnarthrid microsaurs, and certain nectrideans

(e.g. Sauropleura).

An elongate retroarticular (39") is one of the mosV’
distinctive caecilian features. Retroarticular processes of
intermediate length are found in microsaurs with the possible

exception of Euryodus primus (Schultze and Foreman 1981) and

some keraterpetontid nectrideans. In caecilians, it is
inflected dorsally. A similar arrangement is seen in

Keraterpeton (Milner 1980). Flexion of the retroarticular

process however is not amenable to polarization as their is no
primitive tetrapod retroarticular process for comparison.

The. hyoid apparatus (40) varies widely between'grohps.
The primitive condition of the hyoid is unknown for adult

temnospondyls. It has been discussed for Dvinosaurus (Bystrov

19385 Trimerorhachis (Olson 1979), and Kourerpeton (Olson and

Lammers 1976). In Trimerorachis, there are five

ceratobranchials, in Dvinosaurus and Kourerpeton four. All of

st

these forms are presumed to have been perrenibranchiate, and

s e
although Trimerorachis and Kourerpeton are fully ossified and

s
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Eppear to be adult in other‘aspects‘bf their anatomy, the

fetention of the ce atobranchials is inferred to be.

*paedomorphic. Godfrey (1986) reports what he interprets to be

the first ceratobranchial in the 'colosteid temnospondyl'

Greererpeton. Th@s is the caﬁéition found in phlegethontiid
afstopods and is inferred to be primitive. Primitive ™
caecilians have fpur ceratobranchials (3 and 4 fused). Four
ceratobranchials were reported for the microsaur Pantylus by
Romer (1969) (40'). Pantylus is a tuditanomrph microsaur but
not considered a ggniorhyﬁchid/gymnarthrid. Salamanders
exhibit an array of hyoid morphology; the primitive hynobiids
(Edgeworth 1923, Fox L95§, Hecht and Edwards 1976), proteids,
and the neot;nic cryptobranchids, retain four
ce;atobranchials (40'). Wellstead (1985) also figures four

ceratobranchials (his epibranchials) for the‘{zsorophoid

Brachydectes. The condition is significanhtly altered in

anurans (Trueb 1973), where in adults the hyoglossal skeleton
is fused into a large plate-like structure (40").
~The outgroup characters and the character state

distributipns are listed in Tables 4 and 5.

III. The Prevalenge of Homoplasy

\ It is often conjectured that convergence and‘parallelish,
the independent attainment of apomorphies not present in the
most recent common ancestor, are quite common among tetrapods.
Convergence and parallelism are indistinguishable in cladistic
analysisi They are referred to collecgively by the. term

homoplasy. The characters that unite the lepospondyls, for
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ié;tance unipartite vertebral centra, have been thought by

0 ' many workers to have been independently derived (Romer 1950;

Baird f964; Thomson and Bossy 1970). It has further been
suggested (Sober 1986), that conservative characters, those
less susceptible to undergoing homplasy, would be more

reliable indicators of relationship, as it would be 1less

likely that a homoplasy would be misconstrued as a

wsynapomorphy. Of course such characters can only be discerned

q

' a posteriori, that 1is, after the cladogram has been

A s it e s i it el

constructedf Nevertheless, it can be quite instructive to

determine what types of characters show a propensity for

"homoplasy. Hypotheses of the interrelationships of

tetrapods are ‘often built on the evidence of only a few
4

characters. For this reason it is important to know the a
priori likelihood of any single similar apomorphy between any

two groups being a homoplasy. It is possible to estimate the

minimum likelihood of a homoplasy, but as synapomorphy and
/ ) ) homoplasy are not mutually exclusive concepts (Farris 1983;
Sober 1983), a portion of the recognized synapomorphies may

2

also be homoplasies. In discussing the assumptions of
cladistic analysis, 1 madé:the point thgt it is imperative
that 1f one is to infer certain properties from a cladistic
analysis,;fhat no contingent statements abo these properties
be made in the set of assumptions. Farris (1983) discusses how
the minimal assumptions of cladistic analysis, adopted here,

are free of assumptions about the frequency of homoplasy.

I have attempted to develop an index of the overall
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prevalence of homplasy for the outgroup analysis. IK is shown
in Table 6 . The numbers above the main diagonal repfesent -

the total number of apomorphic features shared between all

T
N

groups. These are calculated from Table 2 by counting all
palr-wise combinations of the same apomorphic state for all
characters. The numbers below the main diagonal represent the
number of homoplasies between each group. This quantity is
calculated by counting all pair-wise (apparent) h0mop1as&es
between groups from the resultant cladogram, including those
characters, listed above, that change within te;minal taxa
The total of all cells‘below the mainldiagonal is the
proportion of raw apomorphic similarities between groups that-
18 the result of apparent homolasy. The total numbgr of pair-
wise shared* apomorphies is 211. The total number of pairwise
homoplasies 1is 73. The index of homoplasy 1is 34.6%. The
implication is that any shared aﬁombrphy of any of the two
groups in this study, chosen at random, has a 34.67%7 chance of
being a homoplasy. This is an alarmingly high statistic,
which supports the long-held suspicion that homoplasy is

quite a common occurence hn the phylogeny of lower tetrapods

at least. p

,The nectrideans and dissorophids show the highest number of
homoplasie;. 24 and 23 respectively. With the removal of théég
two groups the 1ndex of homoplasy diminishes (26.3%). One c;n
dethe that the characters used are better indicators of the
1nterrélationships of anurans, urodeles, lysorophoids,

a!stopods. microsaurs and gymnophionans, than of all groups

conbined. The upshot of the prevalence of homoplasy is that a
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" simple enumeration of similarites between groups ‘(whether or

ﬁot they be apomorphieé) is not sufficient grounds for
hypothesizing close relationships. The prevalence of homopl asy
requires of a systematic ,analysis that it adhere to a well
formulated system for arriving at the most parsimpnious
possible combination for the characters®employed.

It is also informative to determine the prevalence of
homoplasies between characters. The number of homoplasies in a
character is the humber of its independent derivations, minus
1. Out of the total of forty characters used, twenty five
(62.5%) underdoﬁat least two independent derivations of the
apomoréhic s:;te (or states). Twenty undergo only one
homoplasy. Four undergo two homoplasies (three independent
derivations of the advanced state); and one undergees three
homoplasies, for a éotal of éhirty one character homoplasiégs.

| The types of cranial characters vary pﬁly slightly in
their propensity for homoplasy. Nine characters of the
braincase, including the dermal parasphenoid (l1-14) (64.3%)
undergo a total of ten homoplasies. Six of eight (75.0%)
¢haracters of the palate (characters number 15-22 including
the epipterygoid) exhibit seven homoﬁiasies. Characters of the
dermal skull roof (23-33) are not significantly more labile
&han th¥ overall average. Eight of eleven (72.7%) converge, a
total of twelve homoplasies. Two of the seven (28.6%)
characters of the lower jaw and hyoid appa:aéus undergo a
total of%two homoplasies. (Combined total, 31).

It was suggested by Hecht (1&76)nand Hecht and
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00 Ed,wards&(l976) that characters whose apomor\;hic conditions
| involve the loss or fusion of distinct gl.ements aré‘r‘“
particularly gusceptible to homoplasy. Thus' they are more
likely to lead the investigator to misinterpret homoplasies
( as evidence of common ancestry. Sevepteen of thg forty
characters (42.5%) are of this type. Together they account
™ for ‘15| (48.4%) of the total number of homoplasies’ (31),
Twelve of the seventeen are homoplastic, (70.6%) not
;ubs'tantially higher than the“overall average. Chi-squared
analysis does not show any of the differences between the
propensities of different types of characters to undergo
homopiasy to be significant at the 0.05 llevel.
4 In summary, as has long been suspected, homoplasy is
- prevalent. The index of homoplasy. for all groups presented is
34.6%. This number is significantly reduced if hectrideans and
alstopods are deleted .(28._6%). Hence the probabiliity of any
apomorphy shared between any pair of ferminal taxa being a
homoplasy is 34.6%. Characters involving\ loss and fusion are

(-]

not more labile" than other types of characters, and thus are

—

equi)lly valid as indicators of phylogeneticrrelatedness.
A4 . '

: . IV Previous Hypotheses \
i - Y

G Among the previous hypotheses considered, the studies of
- Gregory et\al (1956), Schmalhausen (1968) and Carroll and’

Holmes (1980) agree with these results as regards the sister

-
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group of fhe gymnophionans. None of the hypotheses is.
isomorphic with the phylogeny presented here but that of
Schmalhausen (1968) is the closest fit. Schmalhausen's
phylogeny and this concur in placing thf microsaurs as the
primitive sister group (ancestor) of caecilians, and
lysorophoids as a primitive sister group (in part at least) of
urodeles. They divéeérge on the placement of the anura and
dissorophidae. None of the prgvious hypotheses encompasses as

wide a range of groups as this study however, so direct
N

—

comparisons may not be appropriate.
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Two main conclusions may be drawn from the results.

Firstly, the P. Ichthypohiidae (Ichthyophis and Caudacaecilia)

represent the most primitive living assemblage of caecilians.
Secondly, based on the designation of ichthyophiids as the
most primitive group, the most plausibhe sister group among
thése discussed is the tuditanomorph micéosaur complex of the
Gymnarthridae anq Goniorhynchidae. Contrary to the commonly
held view, the caecilians would not be included in a

monophyletic group with anurans and urodeles that did not also

include microsaurs, lysorophoids, and per?ﬁps nectridians.

I Temporal fenestration

The condition of the skull r09f, whether fenestrated
or not, is not considered as a character in the ingroup

claﬁogram. However, the inbroup analysis suggests that the

-~ »

essentially closed sktill roof as found in most ichthyophiids

is primitive for the caecilians. The closed skull roof is also
Iy

b ] . . * :
*seen in microsaurs, nectrideans, and primitive temnospondyls..

It cannot be used to denote phylogenetic relationships between

Schmallausen (1968) and Carroll and Currie (1975) as it is’a
. LA - ‘

_tettap&d plesiomorphy. The condition of the skull roof ,

. . ] .
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whetheg open or closed wa diséualified as'an outgroup
character in the analysis of relationships within the
caecilians. It is shown to be extremely labile within the
group and so even if it were used it might not permit
confident phylogenetic inference.&?owever to qguestion the
utility of skull fenestration as a taxonomic character is not
to§deny it its functional significance for the caecih}ans.Tﬁf
outgroup analysis does incorporate skull fenestration as a
characteristic. In the major tetrapod groups studied here,
skull fenestration is much less labile than in the ;aecilians.
The ingroup and outgroup results permit a discussion of the
functional and phylogenetic significance 6f temporal

-

fenestration in caecilians, and in amphibians in general.

Ingroup

e ™

That caecil ian stegokrotaphy is strucﬁutally dif ferent
r

from the closed skull condition in stegocephalian amphibians
is often cited in support of the ctontention that it is a
secondary acquisition within the order (Nussbéun(i977; Wake
and Hanken 1982). The contention is that as the dermal
elements that intervene betweeA the squamosal anizparietal

(intertemporal and supratemporal) in primitive tetrapods are

abéent in gymnophionans, the contact(of the squamosal and
parietal in caecilians represents the expansion of one or both
of these elements into a gap created by the loss of the
intervening boﬁes. There is good evidence for this within the

-

Scolecomorphidae (Nussabaum 1985 and pers. comm.) The
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cladograms of figures 21 and 22 however, demonstrate clearly
that squamosal-parietal contact is independent of the open or
closgdcnature of the skull roof. Squamosal-parietal contact is
attained independently in the open-skulled lysorophoid-
alstopod + anuran-urodele assemblage and within the closed-
skuiqéd nectridians and caecilians. It appears to have been
acquired numerous times in‘a variety of tetrapod lineages: the
adelogyrinids (Carroll 1§67), primitive captorhinomorphs
(Carroll 1965; Clark and Carroll 1973), diadectomorphs (Heaton
1980) and othegs, without the prior existence, phyletically,
of a temporal fenestra.,” The absence of dermal elements between
the squamosal and parietal, then, does not preclude
stegokfotaphy fro;/peing primitive. One should be wary of
interpreting too terally the homologies between similarly
named bones of caecilians and other groups. Marcus é& al
(1935) ;identify separate areas of ossification in the
squamosal, and suggest that tge cheek unit is a cgmpound
element formed by the fusion of a number of separate bones. ,
Zygokrotaphy occurs mainly in three families, the
Rhinatrematidae (both genera), the Scolecomorphidaeekone of
two genera), and the Typhlonectidae. There are three
reasonably distinct morphologies of the open skull conditijz

corresponding with each (fig. 27). In addition, there are

minor openings in some dermophids, ichthyophiids, and in

a“

Uraectyphlus.

In the rhinatrematids, the fenestrae are elgngate

- .
anterciorsally., No portion of the parietal is in contact With

tﬁ? cheek. Uniquely in this family, a process of -the

4 *
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E‘igu.re 27

A comparison of zygokrotaphic caecilian
skulls. A Epicrionops, a rhinatrematid.

(Redrawn from’ Nussbaum 1977). -
B.Scolecomorghus, a scolecomorphid. C.
Typhlonectes, a typhlonectid. (B andC p
redrawn from Taylor 1969a)
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dorsolateral portion of the os basale fits into a notch in the
squamosal (Nussbaum 1977). The pterygoid is a distinct unit
that occupies some of the volunme of the adductor
chamber. The structure of the typhloﬁﬁftid fenestra differs
i'n possessing a frontal-squamosal suture at its anterior
extremity and a closely apposed, or sutured quadrate and
parietal posteriérly. The pterygoid 1is fused to the
;uadrate. The scolecomorphid cond;tlon differs from both of
the rhinatrema;id and the typﬁlonectid configuration, in that
the maxillopalatine contributes a substantial portion to the
anterior border. There 1i1s no discernible quadrate or
pterygoid, the suspen?giium being rqpresented by a diminutive
cartilagenous element. In some zygokrotaphic forms, there is
no posterior connection between the cheek unit and the skull

roof or os basale. Nussbaum (1985) tentatively identified an

element as the pterygoid in one specimen of Scolecomorphus

kirkii. The three main types of caecilian zygokrotaphy are
sufficientlx(different that it is probable that all three
types are independently derived.

Most of the conjecture concerning the functional
significance of zygokrotaphy surrounds the specialized
fossorial, or semifossorial nature of most caecilians., The
majority of authors claim that zygokrotaphy 1is primi$1ve and
attribute the evolution of secondary stegokrotaphy to
selection for improved fossoriality. As Gans (1969) points
out,' a sJ:11, strong a;d terete head is the most ¢gfficient

form for locomotion beneath the surface of the soil. It 1s




argued that selectio‘ffor fossoriality in caecilians would act
to modify a primitively weak skull configuration
(zygokrotaphic) into a strong one (stegokrotaphic) (deJager
1939¢c; Nussbaum 1977; Wake and Hanken 1982). Despite the
paucity of natural history informatioﬁ, thére does seem to be
a correlation hetween possession of stegokrotaphy and the
degree of fossoriality. The zygokrotaphic typhlonectids are
Squatic (Taylor 1969b). The rhinatrematids and. the weakly
stegokrotaphic ichthyophiids are found most commonly in
surface vegetation, in‘or under rotg}ng logs, or under rocks
(Ramaswami 1936; Nussbaum and Hoogmoed 1979), whereas‘strongly
stegokrotaphic forms are usually found in the topsoil layer
under the soil surface. xge rough correlation however does not
suffice to ascribe polarity to the condition of the skull
roof.

Bearing in mind the potential pitfalls of the argument
by analogy in evolution, it is still quite illuminating to
compare the hypothgsis that selection for fossoriality leads
to closure of a fenestrate skull to the strategies found in
other burrowing tetrapods. Amphisbaenid lizards are small,
limbless, fossorial forms that superficially resemble
caecilian;. The hegd is highly specialized as a digging
structure. The skgll has undergone extensive congolidation and
compaction over the condition seen in most lizards (Gans
1960, 1969, 1974). As a result of the compaction, the
temporal fenestrae are greatly enlarged at the expense of the
intervening arches such that the adductor muscle mass is

uncovered and has expanded laterally and dorsally. The jaw
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adductor musculature originates on the -braincase wall (Gans

1960, 1969; Taylor 1969/; Berman 1977).

Snakes are thought to have arisen from a fossorial
squamate ancestor. As in amphisbaenians, the skull of snakes
is small and consolidated. Fossorial adaptations are most
strikingly expressed in the family Uropeltidae (Gans 1973), In
a specialization analogous to that of amphisbaenids, the
adductor musculature 1is greatly expanded, and the bonx
coverings of the primitive adductor chamber are lost. Similar
grends are apparent in burrowing scincomorph lizards (e.g.

Acontia% Rieppel 1980).

-~ In each of the above instances, specialized‘burrowers
have ;;olved independently from ancestors with fenestrate
skulls not b& closure of the existing fenestrae, as has been
s?ggested for caecyiians, but by their enlargement. As a
consequence of the compaction of the skull necessitated by
fossorial existence, the jaw adductor musculature has
undergone relative expansion beyond the confines of the
primitive adductor chamber. The only caecilians in which the
adéuctor musculature extrudes through the skull roof are thq
rhinatrematids. As the opposite strategy has occurred in thé
skull roof of ?aecilians t; that seen in other burrowing
tetrapods, it is not unreasonable to postulate that the
caecilian condition, wunlike that of amphisbaenids and
uropeltids, is derived from an ancestor that lacked temporal
fenestration. Thé relative expansion of the jaw adductor

%
musculature, necessitated by the reduction in skull size,
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appears n;t to have been effected by the M.. Adductor
Mandibulae mass, a physical fmpossibility if the adductor
chambre is occluded by bone. Instead, the action of the
adductor mass was augmented by the elaboration of a novel jaw(
leva;or system, the M. Interhyoideus Posterior . (Nussbaum
1983). This scenario, like its contenders, cannot be tested.
However, it is the one that is most compatible with the

-~

results of the ingroup analysis for this study.

-

Outgroup .

Above the level of dissorophids in the oﬁtgrggp
cladogtam (fig. 22), there is a major bifurcation that
appafently occurred early iﬁ tetrapod history. One ¢of the rami
is made up of the lysorophoids, alstopods, anu;ans and
urodeles (group 5). The other contains the micros;urs and

gymnophionans (group 8). The tﬁo groups can be distinguished

‘from one another by the condition of the skull roof. The skull

roof of group B8 members is feﬂestraéed; the skull roof of
broup 5 members is stegocephal&an. Temporal feneétration is
the derived condition.

In thr;e of the .groups, ahurans, urodeles and
lyiorophofds, the temporal fenestratiodlis extensive. Hanken
and Wake (1982) suggested that parietal-squamosal con;act
{(26') was associated witﬁ the developement of temporal
fenestration in amphibians. Squamosal-éarietal contact occurs

at the internode uniting these groqps,‘ﬁﬁt not uniquely.
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Squamosal contact with the parietal also characterizes the

caecilians, who do not appear to have been dgrived from open-
skulled predecessor. The only character that transforms
uniquely at the node subtending groupl3 is the loss of
postorbital elements (O -;;ZBM. It is tempting to cénjecture
that the fenestration seen in anurans, urodeles, and
1yso}ophoids is associated with, and has been attained

through, the loss of the dermal elements posterior to the

orbit. The nature of the fenestration of the skull, and how it

has been attained is of great significance for the argument of -

lissamphibian monophyly. It has been shown here that the open
skull condition was derived within the caecilian® and is an

essentially different structure.

1

Lissamphibian Monophyly

. Reviews.of extant ampihibians or amphibians in general

have tended to view the modern orders as constituting a

monophyletic asgemblage. The trend has been particula:{&ﬁ

propounced in recent years (Noble 1931; Parsons and Williams
1§%3;0q€€§s 1965; Cox 1967; Duellman‘and Trueb 1986). Among

the characters that allegedly unite the three living groups

are the presence of pedicellate teeth (Parsons and Williams ¢

1962), cutaneous respiration (Cox 1967), a prominent

parasphenoid, green bodies in the retina (Pz?sdﬁs and Williams

ey
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1963) and a larvgl stage.vThe_life ﬁistqry, thermal ;egime,
. respiratory physiology -(Cox 1967), éné‘sensory structures of
the eye Qad inner ear (Lombqrd and Bolt 1979), delimit the
modern amphibians as a biologically distinct group ‘among the
liviné_tetrapodsﬁgut as there Es no extant plesiomorphic
sister group within the Tetrapoda, and as paleontological
evidence of soft tissue other than muscle scarring is rare and
at best equivocal, it cannot be determined whether these

-

similarities are synapomorphies or are symplesiomorphies of
the tgtrapods.

The most thorough recent analysis of lissamphibian
monophyly remains that of Parsons and Williams (1963). Their
consideration of the Lissamphibia unfortunately, largely ignores the

caecilians. Hanken (1986) emphasizes that caecilian anatomy

and development is cémparatively~poor1y known. As Gregory et 3
al (l956)lxpoint out, 1t has often been assumed that if a
. Plausible grgument can be made for anuran-urodele affinities,
the caecilians would automatically be included in that
assembl age, perhaps a consequence of'the propensity of earlier
workers to ally the c§eciliaﬁs with the urodeles. As is
evident from the skull roof structure, fenestration, one of
the most frequently cited characters uniting the modern groups

(Dunn 1942; Taylor 1968a) is fundamentally different in

; caecilians. Rather than being the result of loss of the
postorbitals, caecilian temporal fenestration is formed by a
failure of the cheek and skull roof ossification centres to

fk
C occlude; it is probably a paedomorphic trait. Tooth pedicelly\

\
is probably independently derived in all living orders (see |
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the cheek (33).

- e

? .
fig. 22 and Table 5) or perhaps a synapomorphy of anurans and

urodeles.rThe two interpretations are equally likely. The
cladogram in figure 22 suggests that there are no apomorphies
shared by the three modern orders that are not also shared by
lysorophoids and microsaurs. It is highly imbrobable that the
Lissamphibia, as commonly conceived, is a natural assemblage.
Anurans and urodeles are shown to?share 26 (perhaps 29)
apomorphic features, 13 of which are also shared with the
lysorophoids. Anurans and urodeles do share 13 (perhaps 16)
synapomorphies exclusively. A compelling case can be made for
a monophyletic Lissamphibia if the caecilians are remoJ:a. It
was not the objective of this study to consider in depth the
interrelationships of the caudates and anurans beyond the
context of the caecilians. However, as a contingent result of
this analysis, a rather unusual hypothesis of anuran/urodele
sister group relationship can be formulated. In light of this,
a minor divagation would not be inappropriate.

The aqgran-urodele synapomorphies are discussed above.
They are primarily features of the braincase and palatal
region, mostly involving reduction of the number of discrete
elements by loss or fusion (fig. 22 and Table S5)., I shall
concentrate the following discussion on three characters that
do not emerge at the internode immediately proximal to the
anu;an—urodele divergence; these are the presence or absence

of postorbital elements (28"), the relationship of the

pterygoid to the maxillary arch (18), and the emargination of
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It has been recognised in a number of lineages that,
severevieduction in the size of the skull, as has taken place
in ‘most\‘living amphibians, carries with it a number of
predictable morphological ccrrelates. Among these are the iogg
and fusion of elemgnts (Hanken 1983, 1984) ang an increase in
the relative size of sensory structures. The size of an image
forming eye has a restri;teé minimum rel&ted to the maximum

numb;r of retinal Eells per unit area (Walls 1942: 170-1).
Likewise, in order tﬁat the function of the inner ear be
maintained, there is a minimum diameter of the semicircular
canals determined by the viscosity of the endolymphatic fluid
(lones and Spells 1963). Minimum size of the brain is also
constrained. Hanken (1983) has shown the effects of phyletic
decrease of skull size on the crowding of sensory structures
h]}he very small plethoﬁontié sal amanders (genus Thorius).
The force of a muscle is also size related; its contractilg
strength is proportional to its crossectional area (Gans
1966). Its excursion is dependent upon its length. The
distance through which a muscle can contract is an additive
function of the number of linearly arranged myofibrils (Gans
and Bock 1965). Its contractile strength also decays as a
function of the distance of contraction, so a longer muscle
mass will have a wider range for effective“confgaction (Gans
1966), Rieppel (1984) has characterizedpthertetrapod skull as
being essentially a bony tube within a tube. As the size of
the inner tube (braincase amd otic capsule) grows relative to
the puter (dermal skull roof), with decreasgd head size, the

space between them, occupied by the jaw adductor muscles

o
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becomes progéessively constricted. In'order that the M,
Adductor Mandibulae mass (MAM) maintains its function, it must
expand beyond the adductor chamber. One can postulate that
this has been the selective pressure for the feneétration of
the skulllin anurans and urodeles. Caecilians augment the
adductor mass in an entirely different way, by elaborating ﬂ%e
gular adductors.

Carroll and Holmes (1980) have recently countered the
standard view of lissamphibian-monophyly by arguing that the
strategies fol lowed by anurans and urodeles in fenestration of
the skull roof and the increase of the jaw adductor mass are
essentially different (see f}g. #-10). In urodeles the ventral

-

margin of the skull is incomplete, and fenestration, they
claim, ‘'is formed by the emargination Jf the cheek region,
similar to the condition in hapsidopareiontid microsaurs. This
permits the considerable expansion of the MAM Externus and MAM
Internus divisions of the adductor musculature. In contrast,
~
the fenestration of anuran skulls is formed by a posterior
extension of the orbit, and the MAM Posterior is'greatly
expanded. In developing their argument Carroll and Holmes
iat:lpret the similiarities as simply correlates of small
5éze, and therefore not indicative of common ancestry. Iqis
highly probable that the cranial similarities of skull
structure between these groups are attributable to small size.
The exigencies of small skull size are quite stringent, but
identifying the efficient cause of the similarity, small size,
does not inform us about the formal cause, patristic

b4
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relationship or independent acquisition.

As qgscussed aboveg- the open skull of anurans and
urodeles éorresponds with the absence of postorbitadr elements
(28"). Figure 22 and Table 5 reveal that skull fenestration
attained by loss of the storbital elements in lysorophoids,
urodeles and anurans, and emargination of the cheek are not
two distinct, mutually eyclusive strategies as suggested by
Carroll and Holmes (1980). The cladograms suggest that
gymnokrotaphy emerged before the divergence of anurans and
urodeles. The latest common ancestor of urodeles énd anurans
probably had a gymnokrotaphic skull with the adductor
musculature bulging througﬁ‘of passing through the fenestra.
The loss of the ventral cheek margin appears to have dccurred
subsequently in urodeles, perhaps permitting the enlargement
of the MAM Externus seen in many salamanders as a secondary
modification. Analogously, the ventral margin of the cheek
appears to have been lost a number of times within the
lepidosauromorphs (Carroll 1987), thought to be a correlate of
the expansion of the MAM Externus superficialis head
laterally, and‘dorsally (Rieppel and Gronowski 1981).

Anurans and urodeles share aldistinct morphology of
the pterygoid. It is rééuced in size and closely associated
with the supensorium. The pterygoid is usually associated with
the otic capsule rather than the parasphenoid. The anterior
ramus is much reduced in both orders but the similarity does
not occur as a synapomorphy in the cladograms. The major

} \
difference between the tyo states for this character is that

in anurans the ptery1

ches the maxillary arch,




—
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connecting with the maxilla at the ventral margin of the
skull, whereas in urodeles it does not. There is no ventral
margin with which to connect. If the emargination of the cheek
is a recent acquisition of urodeles, it is plausible that the
disconnection of \&@~pterygoid and the maxillary arch is also.
The similarity in the structure of the anterior ramus of the
pterygoid may also be a synapomorphy of the two groups.

There are a number of problems facing an hypothesis of
exclusive anuran-urodele monophyly. They are morphologically
quite distinct groups, despite the large number of
synapomorphies. The most striking differences in cranial
anatomy occur in the region of middle ear and suspensorium,
probably in part related to the presence of impedence
matching in anurans. The possibility of close anuran-urocdele
affinities exclusive of the caecilians warrants further

consideration

III Jaw Adductor Apparatus of Caecilians

The major point of departure of this'classification of
caecilians from most other recent schemes’is simply the
inversion of the relative primitiveness of the families
Ichthyophiidae and Rhinatrematidae. While thisjis only a minor
difference, its functional implications are immense. As there

are no apomorphic features shared between rhinatrematids and

all other Ffamilies, it appears that twoféiite distinct .groups
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emerge from an ichthyophiid or ichthyophiid-1like ancestor very
early in caecilian history. The rhinatrematids are
distinguished by  twelve autapomorphies, five of which are
components of the skull roof and jaw apparatus. These are
cheek attachment (20), recessed lower jaw (24), retroarticular
process infle;tion (25), extension of the M. Adductor
Mandibulde Internus mass through the temporal fenstra (28) and
a single M.Q Interhyoideus Posterior (27), oriented
transversely between the jaw rami. In the lineage comprising
all other families except ichthyophiids, despite a high degree
of variation of all characters within and between groups, the
same state for each of the five jaw apparatus characters is
sharsd by all families (fig. 21, Tables 2 and 3). The
inference can be made from this that\these‘characters compose
a functional suite of features associated with closing the jaw
and that two relatively distinct patterns of the jaw and jaw
musculature are present in tﬁe caecilians. Given that the
rhinatrematids bear the apomorphic condition all of these five
characters, they are considered here to have the more highly
derived pattern. The other families elaborate the primitive
arrangement to varying degrees.

The unique jaw apparatus of caecilians was described
by Nussbaum (19Q3). The suite of features associated with
rhinattémat;ds, as discussed by Nussbaum, include a large MAM
Internus mass that expands beyond the adductor chamber to
originate on the dorsal surface of the skull roof and a

sagittal crest is present. The M Adductor Mandibulae muscle

mass dominates but a significant M. Interhyoideus is present.
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The mouth is terminal. The retrbarti&&l}r process 1is
comparatively:short and not reflected dorsally. The suite of
features exhibited by all other caecilians includes a small
MAM mass, that does not originate beyond the primitive
adductor chamber irrespective of thé condition of the skull
roof, a dominant, obliquely orjented M. Interhyoideus
posterior, a variably deflected retroarticular process, and a
subterminal mouth. Whichever way polarity 1s drawn, those

characters listed by Nussbaum (1983) as features of(the unique
jaw closing apparatus of caecilans are also those ;hat
distinguish the two major lineages above the ichthyophiids {n
the results of this study. There appears to be compelling
evidence that two distinct strateglies of jaw adduction have
evolved in two separateplineages of caecilians. One, found in
rhinatrematids, has deemphasi%Zed the 'novel' jaw adductor maus
(MIp) and expanded the MAM mass, concohicantly, the mandibular
rami have been lengthened over the pfimitive condition, the
retroarticular_process shortened and straightened. The other,
charac&eristic of all groups except the ichthyophiids, and to
some extent-the ichthyophiids themselves, has emphasized the
'novel' jaw adductor mass to varying degrees, decreased the
length of the jaw rami, and increadﬁ? the length and angle of
inflection of the retroarticular process.

The question of the jaw apparatus composing a

functional suite of features and the question of {its

significance in the evolution of the unique caecilian cranial //”*\

are addressed in more detail in the following chapter.
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INTRODUCTION

The previous section suggests based on the
characters as polarized, that the most probable plesiomorphic
sister group of caecilians is the m%crosaur complex of the
Goniorhynchidae and Gymnarthridae. It further resolves the
ingroup relationships, taking the family Ichthyophiidae as the
most plesiomorphic living member. In this section I supplement
the systematic analysis of the ingroup by guantifying the
relationships of the characters used. In this way it is hoped
that further inferences can be made about .the function and
evolution of the highly derived caecilian skull.

An early bifurcation within the caecilians is evident
from the ingroup cladogram. One branch contains the
rhinatrematids, the other is made up of all families except
the ichthyophiids (fig 21). The two major groups above the
level of the ichtByophiid-like stem group are differentiated
largely by elements of the jaw and jaw musculature. The
rhinatrematids possess an open skull roof, through whiéh the
muscul ature extrudes, and a comparatively short and straight
retroarticular process. The other major assemblage elaborates
the pilmitive condition of the jaw to varying degrees.

The cladistic analysis treats the characters of the
jaw apparatus as independent entities and as a result cannot

illustrate any higher order interactions'that might occur
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between them.

The interdependence of morphological features is of
considerable biological interest. The jaw and jaw musculature
of caecilians amply illustgate this point. Not only do the
characters exhibit close correspondence, they also seem to
define two quite distinct groups of caecilians. At a more
general level,.the jaw structure establishes caecilians as a
highly distinctive tetrapod assemblage. This suggests that ;he

structure of the jaw apparatus is of fundamental significance

to the evolution of the group.

Functional Suites of Features

In the previous chapter, I surmised that the jaw
apparatus constitutes a functional suite of features because
of their correspondence in the ingroup cladogram. The actual
£;:§gnition of functional suites is not that straight forward.
Al though it is necessary that eleqents of a functional complex
are correlated in some way, the simple correspondence of
character states in a cladogram is not a sufficiently .strong
basis forlthe conclusion that they do indeed constitute a
functional suite. Characters can be associated by chance or by
necessityﬁgnd their simple distributi?? in a cladogram does
not allow one to tell the difference. It must also be shown
that the correspondence is obligatory. If features of an
organism conjointly perform some function then their ;ates of
phylogenetic change will be coupled in some way. This presumes

that a change in one element necessitates a concomitant change

in the others.if optimal function is to be maintained. There
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is a common causal structure between elements of a functional

suite of features that accounts for %he co;Fespondence between
them and that is presumed not to exist between other
characters. If that causal structure can be revealed, then
there is ample reason to conclude tﬁat the features under
investigation areApart of a functional suite.

In tetrapods, rates of change of morphological features
generally show high co;relations in both ontogeny and
phylogeny (Gould 1966). This is attributable to the existence
of general growth factors (Jolicoeur 1963; Jolicoeur and
Mossiman 1959), i.e. as an organism grows, so do its
constituent parts, or to the phfﬁical requirements that
overall size imposes on structure (Thompson 1942; Gould
1966). In recognising functional suites, theAccvariances
between individual characters are of more interest than Ehe
uniform ;ffects of general size on all charactersn
Interdependence of characters over and above that caused by
general growth or size must be demoqstrated.

I take the conclusions of the last chapter as the
Hypotheses of this chapter. These are that the jaw apparatus
of caecilians constitutes a closely related functional suite
of features and that the rate and direction of change of these
characters show evidence of common cause additional to the
factors that account for the general correlations between all
cranial features. Ih addition, the structure of the jaw
Qpparatus should accodnt for a large proportion of -the

quantitative morphological differences between the two major

branches of caecilians (see fig 21). Differences in jaw

153 . &



structure between the major groups-are predicted -to be larger

r'd

than those within the major grodbs.

Miniaturization and Fossoriality .

Generally, caecilian skulls are small. The smallest
adults in this sample have total skull lengths similar to

those of plethodontid salamanders (Idiocranium observation

$#73 = 4,15 mm, Siphonops #132 = 6.38 mm, Afrocaecilia #122 =

6.60 mm). Additionall&, the structure of the skull is thought
tay be well adapted for burrowing (Dunn 1942; Taylor 1969; Wake
and Hanken 1982). The advantage of small skull size to
fossorial animals is intuitively quite obvious. A small skull
is easier to push through the soil than a large skull of
similar shape. The cranial specializations required for
burrowing are not those usually seen in smqll-skulled
tetrapods. Miniaturization of the caecilian skull must meet
concurrently the often conflicting requiremehts of small skull
size and burrowing»habit. A g}eater knowledge of the
functional significance of the caecilian cranial anatomy may

permit some understanding of the ways in which the unique

caecilian solution to miniaturizatioﬁ has been attained.
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METHODS AND MATERIALS ’

”,Observations

Twenty cranials ‘characters were measured from cleared
and stained'spegimens and dried skulls. Measurements taken
were: Length of the skull roof (LSKRF), Width of the skull
roof at jaw joint (WSKRF), Width of the skull tablea(WSKT),
Length of the Os Basale (LOB), Width of the Os Basale at the
otic capsules (WOB), Pistance between tooth rows (DTR), Number
oJiSeeth inflhe out?r arcade (TOA), Number of teeth in the
inner arcade .(TIA), Area of the adductor chamber (ArAC), Depth
of the skull at the jaijoint (DSKJJ), Length of upper jaw
(LUJ), Length of the skull anterior to the jaw joint (LSKAJ),

Distance from the occipital condyle to the jaw joint (0CTJJ),

-Distance from the orbit to %he tentacle (OTT), Length of the
preorbital portion of the skull (LPO),,Length of the lower jaw

anterior to the jaw joint (LLJPM), Length of the '

retroarticular process - upper margin (LRAPU), Length of the
retroarticular process - lower margin (LRAPL), Angle(ot
inflection of the retroarticular process mesially (ARAPM) and,
Anqle of inflection of the retroarticular process dorsally

(ARAPD). Two composite measurements were also used in various

‘analyses. These are Total skull length (TSL= LSKAJ + OCTJJ)}‘
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e ,
and the amount of overhang of the upper jaw (LSKAJ - LUJ).

™ Measurements for the dried skulls and some of the
cleared and stained’specimens were taken from drawings made at
6X and 12X through a camera lucida attached to Wild M5 and M6
binocular microscopes. Values were recorded using a Jandel
Scientific digitising pad ‘and the SigmaScan (Jandel
Scientific).program for IBM PC. Measurements of most of the
remaining cleared and stained specimens are from
photomicrographs taken with a Wild binocular microscope and
camera attachment. The negative images were projected onto
the same digitising pad, and measurements were taken as for
the drawn specimens. The scales of the drawn and photographed
specimens were calibrated by matching the scale of a stage
micrometer image/(Bausch and Lomb 2mm) with that of the drawn
specimens.

All linear measurements were taken in mm. The area of
the adductor chambér was measured in mm2. The angles were
measured in degrees, where a retroarticular process with no
inflection has a vglue of 180°, Dorsally and mesially djrected
retroarticular processes have véiues less thén 180<, All
continuous measurements were log transformed. In addition tg
log transformation, in successive analyses, angles were
treated in their raw form, as their value subtracted from 180,
or as the sine of their divergence from 1800 in radians.
Measurements are listed in Appendix 2.

A total of 148 oﬂservations was compiled encompq;sing
28 genera and 37 species. Among these, two extensive

ontogenetic sequences were observed. One of these was of

156




Epicrionops sp. (14 specimens), a rhinatrematid; the other was

19

of Dermophis mexicanus (38 specimens), a member of the other

major subgroup. There are other ontogenetic sequences in the
data set but none encompasses such a complete range of

developmental stages as those of Epicrionops and Dermophis

¢ A subsample of presumed adults was taken from the data
set. An adult was defined as any individual whose WSKRF value
fell within 20% of the largest WOB value for that genus. There
were 63 individuals in this subsample.

For comparison with caecilians, values of LSKAJ, WOB,
and ArAC were taken from reconstructions of stegocephalian
(closed-skulled) amphibians. The measurements were also taken
on the digitizer, and log transformed. Sources are listed in

Table 22.

Statistical Analysis

Three types of statistical tests were used, two
multivariate and one bivariate. Factor analysis was employed
to infer the existence of functional suites of features.
Canonical discriminant analysis determined the morphological
distinctness of families and the extent to which the
structure of the jaw apparatus contributes to the differences
between groups. Reduced major axis analysis was applied to
the ontogenetic sequences in order to quantify the relative
rates of change of cranial characters during development and

to compare developmental rates between Epicrionops and

Dermophis. Bivariate analysis was also used to describe the
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size relationships of cranial elements between adult

caecilians, and adult stegocephalian amphibians.

Not all of the variables were employed in any one

analysis. Those witq.a large number of miSfing values or
exBibiting linear dependence or partial linear dependence with
others were unused. Despite their potential importance, angles
of inflection of the retroarticular process (ARAPD, ARAPM)Z
were omitted from the final analyses for both factor—ant
canonical discriminant procedures. They showed extrememly low
correlations with other factors (Rho > .5) anq there is no

indication that their distribution is either log-normal or

linear-normal.

Eactor(ana;ysis

Factor analysis reduces thé variation of values within
a.set!of variables t® a linear combination of Bhe variétion
ascripable to common factors, plus a unique factor for each
variable. The number of common factors is usually taken to be
much smaller than the numbeﬁ~6f variables (Harman 1967 Chl.;
Kim and Mueller 1984, 1985). The assumption ;; fact2>§ana1ysis
is that there is an underlying causal structure to the

variables. Common causal factors account for the covariances

between variables. This is the same form of causal structure

postulated for the recognition of functional suites and so the
. ¢

application of factor analysis is appropriate to this type of

question.

The analysis was performed .using the FACTOR procedure

of SAS statistical package version 2.8 for IBM PC. Factors-
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for IBM PC. Factors were extracted by the maximum likelihood

method as recommended by Kim and Mueller (1985). Promax
oblique rotation was chosen because of the high correlations
between variables and yielded the final factor structure. All
factors with eigenvalues less than 1 were discounted. The

entire data set was used.

Canonical discriminant analysis

Canonical discriminant analysis is a commonly used
morphometric technique that is akin to Principal Component
Analysis (Albrecht® 1980; Klecka 1980; Shaffer 1984). It
identifies orthogonal factors that account for the maximum
variance between specified groups of observations.

The between groups canonical structure indicates the
correlation coefficients of each variable on the factors that
best discriminate between éroups. The values can also .-be seen
as direction cosines. If a factor and a variable are perfectly
correlated (1.00), the 3ngle of which thaE/correlation is the
cosine (09) indicates that the factor and the variable are
coincident. This is a useful measure of the contribution of’
each variable to the information in each factor.

The CANDISC procedur; of SAS version 5.16 (SAS
Institute 1985b) from McGill University Computing Services was
use? to perform the canonical discriminant analysis. All
canonical variates'wilh eigenvalues greater than one wvere

plotted against one another. The classes defined were: A)

Dermophis, (42 specimens) B) Caecilia (17 specimens), C)
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Typhlonectes (1l specimens), D) Ichthyophiids (Ichthyophis

plus Caudacaecilia) (1l specimens), E) Geotrypetes (11

specimens) and, F) Epicrionops (14 specimens). These genera

represent the largest number of samples for each of their
respectiv? families. Five of the seven families recognised in
the ingroup cladogram (fig 21) are represented. Canonical
discriminants results are affected by grossly unequal group
sample sizes (Klecka 1980). For this reason specimens of
uraeotyphlines and scolecomorphids, for which small numbers of

specimens were available, were omitted.

Reduced major axis analysis

o

b Among the available methods of linear bivariate
analysis, reduced major axis is the most highly recommeéended
for morphometrics (Kidwell and Chase 1967). Its advantages are
that {t does not assume that efither of the variables is
independent, the slope of Y versus X is the reciprocal of X
versus Y (Imbrie 1956) and the result of the analysis is not
largely affected by differences in the scale of the
measurements (Kermack and Haldane 1950).

The analyses were all performed on a hand calculator
following the formulae given by Kermack and Haldane (1950) and
Imbrie (1956). The Correlation matrices and descriptive
statistics of the varliance-covariance matrices generated by

wvarious analyses on SAS PC were used in the calculations. The

values of Z are taken from Steel and Torrie (1960).
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RESULTS

Factor Analysis

1

The results for the factor analysis are given Tables
7 through 10 and are summarized in Table l1. Table 7 is8 the
target matrix for the oblique rotation. It takes as {its
reference axes the most widely divergent wvariables
(characters). Table 8 shows the correlatiomfs between factors.
When factors are orthogonal their correlations are zero. The
elements of Table 9 are correlation coefficients between
each variable and each factor. Table 10 displays the
standardized regression coefficients. Thegse are the r? values
for the coregressions (Van Valen 1974), or codetermiéations
of each variable with each factor.

The target matrix consists of four factors. From the
loadings of each factor on the variables, an intuitive idea of
its general meaning can be gleaned. The loadings and factor
descriptions are as follows:

Factor 1:
LUJ 1.0000 (r2=,8068), Length of upper jaw
"~ LLJPM .7581 (r2=.6503), Length of lower jaw -anterior
LSKAJ L7116 (r2=.6314), Length of skull ant. to jaw
These are all elemenc; of the jaw anterior to the jaw joint.

Factor 2:
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- LRAPL 1.0000 (r2-.8669), retroarticular process -lower
LRAPU .8520 (r2=,7498), retroarticular process -upper

These are both measurements of the length of the
retroarticular process.
Factor 3:

0CTJJ 1.0000 -(r2=.7185), Occipital condyle to jaw joint

WSKT  .9273 (r2=,7051), Width of skull table

WOB .8804 (r?=.,7495), Width of os basale
These are elements of the breadth of the braincase, or the
si'ze of that portion of the braincase at the level of the jaw
jJoint or behind it. The edge of the skull table is,eo{ncident
with the dorsolateral margin of the braincase.

Factor 4:

LSKRF 1.0000 (r2=,46408), Length of skull roof
%7 LOB  .8177 (r2=.39392), Length of os basale

These are measurements of the overall length of the skull.

. The four factors combined account for over 99% of the
variance in the entire sample. Factor 1, 'length of the jaw
anterior to fthe craniomandibular joint' accounts for thé
largest amount of the variance (total variance explained
98.157). Factor 2, 'length of the retroarticular process'
explains the next largest amount of the variance (80.245),
followed by factor 3, ‘'width of ihe os basale' (76.552), and
then by Factor 4, 'length of the ull' (60.832). The
coefficients of codetermination for Factor 4 are all rather
small.

The correlations between factors are extremely large.
This is particularly‘apparent between Facto; 1 and Factor 2
(correlation=.7213). Rather than being orthogonal, in

Eucl idean space these factors would be deployed at an angle of
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TABLE 7

Target Matrix

VARIABLE

LSKRF
WSKT
LOB
WOoB
AraAcC
DSKJJ
LUJ
LSKAJ
OCTJJ
LLJPM
LRAPU
LRAPL

TABLE 8

[

RESULTS OF FACTOR ANALYSIS

Factor 1

.30863
.05852
.41314
.14660
« 53477
«22122
1.00000
.71158
.11414
.75812
«17690
«12177

Factor 2

.20809
.09376
.09059
.07944
.10088
.34123
.15773
.22881
.07582
.28684
.85196
1.00000

i

Correlations Between Factors

Factor
Factor
Factor
Factoer

=W N

Factor 1

1.00000

Factor 2

.72126
1.00000

162a

Factor 3

+ 22841
92732
.32085
.88035
447087
.42561
.11815
.15498
1.00000
.12373
.11833
.08725

Factor 3

.69085
.63986
1.00000

Factor 4

1.0000
.19918
81768
.06551
.01617
.06305
.03882
.13279
.00309
.03521
+03509
.04786

Factor 4

.63849
61314
.63925
1.00000
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RESULTS OF FACTOR ANALYSIS

“

TABLE 9

D

Pactor Structure (Correlations)

3

]

VARIABLE Factor 1  Factor 2  Factor 3
LSKRP . 86999 .83021 .81728
WSKT .63932 .63936 «85964
LOB .82018 .69733 .78469
WOB .76738 .70134 " . 94510
ArLAC 84943 .69945 .82633
DSKJJ .69414 .71315 .72338
LUJ 96694 « 77495 .72694
LSKAJ .95582 .83482 « 717500
0oCTJJ .61813 .57112 .79802
LLJPM 92099 .81691 .71933
LRAPU .79675 .95065 .71594
LRAPL .78310 .99397 .70250
TABLE 10
%.

Coefficients of Codetermination:

VARIABLE Factor 1 Factor 2  Factor 3
LSKRPF «29071 22223 «17759
WSKT -.03579 .10875 70505
LOB «37440 - .01725 26319
WOB .15787 .06440 74953
AXAC «51346 .05585 .45350
DSKJJ .18422 32260 36365
LUuJ .80675 .13268 .06531
LSKAJ «63137 «22884 10640
OCTJJ 11717 .07317 .71851
LLJPM .65031 .29181 .07482
LRAPU «17689 .74980 .11290
LRAPL .09629 .86691 .06374
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Factor 4

.89953
.66620
.81180
.69031
62441
.58872
.66857
74603
.50351
.65539
.64671
.66142

Factor 4

.46408
.17164
.39392
.07087
-.02760
.04074
.03034
«13452
-.07549
.01335
. 00166
.02743
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TABLE 1l. SUMMARY OF FACTOR ANALYSIS

FACTOR 1. The jaw anterior to the jaw joint

VARIABLE CORRELATION r2 COMMUNALITY - i

LUJ 0.96994 . 0.80675 0.95065 ’

LLJPM 0.92099 0.65031 0.89987

LSKAJ 0.95582 0.63137 0.97730 -

(ArAC 0.84943 0.51346 0.83272)
FACTOR II. Retroarticular process length.

VARIABLE CORRELATION r2 COMMUNALITY

LRAPL 0.99397 0.86691 1.00000

LRAPL 0.95065 0.74980 0.93564 (b
FACTOR 1I1. Braincase, otic capsule size.

VARIABLE CORRELATION r2 COMMUNALITY _

0oCTJIJ 0.79802 0.71851 0.64958

. WSKT 0.85956 0.70505 0.76708

WOB 0.94510 0.71851 0.92361

(Arac 0.82633 0.45350 0.83272)
FACTOR IV. Skull length

VARIABLE CORRELATION r2 COMMUNALITY

LSKRF 0.89953 0.46408 1.00000

LOB , 0.81180 0.39392 0.84541
e 1 )
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43.84°,

The proportion of the variance in each variablé
explained by the common facéors (communalities) ranges from
.65 to 1.00. The 1owestvof these are DSKJJ, OCTJJ and WSKT.
All components of 'jaw factors', 1 and 2, have communalities
of .90 or higher.

Although 83% (communality=.83) of the total variance
of the area of the adductor chamber (ArAC) is explained by the
the common factors, it does not have a high coefficient of
determination with any single factor. ArAC has a 'degree of
complexity' of 2.0 (Harman 1967), meaning that z[ is

t

determined jointly by two factors. The coefficie of

)

determination of ArAC on Factor 1 is .5135. Its value on

factor 3 1s .4535 (Table 10). Therefore, the area of the
adductor chambre is ahfunction of the length of the jaw

w
anterior to the jaw joint and the width of the os basale.

-

Canonical Discriminant Analysis

Three canonicalmvariates had eigenvalues greater than
or.equal to one. Together they describe 87.77% of the total
variation. Canonical varjate 1 describes 45.46%, variate 2
24.25%, and variate 3 18.06%. These are the only significant
variates (P< .05).

Table 12 shows the between-factor canonical structure.
The variables with the highest loadings on variate 1 are:

Voo
LRAPL (.6122) and LRAPU (.4175). Those on variate 2 are: OCTJJ

Q
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(.8582), DSKJJ (.7801), WOB (.7774) and, WSKT (.7689). The

highest coefficients on variate’3_are LUJ (.8118) and LSKAJ

(-.8105), followed by LOB (-.7855), LLJPM (-.7540), ArAC (-

.7532) and, LSKRF (-.7254). Unfortunately SAS does not
calculate F-to-remove values, which would determine how much
information each variable contributes uniquely to each
variate.

l Mahalonobis distances are listed in table 13. These
are straight-line Cartesian distances between each of the
group centroids (Albrecht 1980; Klecka 1980; Van Valen 1974).
The values above the main diagonal are the actual distances.
Below the diagonal are P values associated with the null
hypotheses that the distance between each pair of group
centroids is zero. The largest distances.are all associat

with the Rhinatrematid genus Epicrionops (Group F). These fare

all highly significant (P< .005). There are only thre ther

significant distances: Dermophis - Caecilia (P =,0075),

Geotrypetes -Typhlonectes (P =,0055) and, Geotrypetes -

ichthyophiines (P =.0060).

The discriminant function analysis reveals that the
structure of the retroarticu1a£ process 1is the best
discriminant between groups. The gioup mean of rhinatrematids

Epicrionops on this variable (3.4536) is considerably

differeny from that of other genera (Dermophis -.2162,

Caecilia -1.023, Typhlonectes -1.7771, ichthyophiines -,7131,

and, Geotrypetes .4218). This variate corresponds with Pactor

2 of the factor analysis. Factor 3 of the factor analysis,

plus the depth_of the skull at the jaw joint is the second
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Fﬁ) TABLE 12 h

Between~Groups Structure:

VARIABLE Variate 1 Variate 2 Variate 3
Fam Y
“LSKRF_ -.27385 .5367 —. 7254
WSKT -.3168 .7689 -.5363
583 3387 .4343 ~-.7855 '
B -.,0094 .7774 ~-+3235
ArAC ,0220 »5713 -.7532
LUJ .0405 + 5406 -,8118 .
LSKAJ -+1204 «5036 -.8105
DS8KJJ -,3394 . 7801 -.3450
ocryy -.0020 .8582 -.4614
LLJPM -,0005 .6373 -.7540
LRAPU ~-.4175 .6722 -.5492
LRAPL .6122 .4895 -.5719 >
TABLE 13
Mahalonobis Distances:
CLASS A B C D E F
A - 3.0972 33,2228 2.6569 2.6868 4,2257
B. 0.0075 - 3.4706 3.3187 3.0059 4.8921 .
(o 0.3631 0.1272 - 2.4957 3.9464 5.4753
D 0.4655 0.0660 0.1700 - 4.0851 4.4986
E 0.6574 0.3068 0.0055% 0.0060 - 4,1011
| 0.0036 0.0001 0.0001 0.0001 0.0001 - !

. 1l64a
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best discriminant between groups. The jaw anterior to the jaw
joint is only the third best discriminant between groups. The

inclusion of the length of the skull roof (LSKRF) and the

‘ length of the os basale (LOB) into this factor, plus the fagt

that all coefficients have the same sign suggest that this
variate incorporates a factor of overall size (Jolicoeur 1963;
Pimentef 1980). This being the case then, it is not surprising
that when the groups include growth series, the length of the
jaw does not discriminate between them strongly. An adequately

large sample of adults should also be analysed in this way.

Reduced Major Axis

Bivariate plots of the relationship between elements
of fa;tors 1, 2 and 3, with one another, and with the area of
the adductor chamber are shown in figure 28. The relevant
statistics are listed in tables 14 through 22. The equation is
given in the form of y=mx + lnb, where m is the slope and lnb

is the natural logarithm of the intercept (Gould 1966).

Vﬁnless otherwise stated, the significance values given are

for the slope of the reduced major axis. Missing values for

the adductor chamber and length of the retroarticular process

of Epicrionops unfortunately make some sample sizes quite-

small.

i
er vs Factor 1l: The rate of change in' ontogeny

Adductor Cha
between the atea of the adductor chamber (ArAC) and the lenqtb
lower “jaw ahterior to the jaw Jjoint (LLIJPM) is not

significantly| different between Epicrionops and Dermophis
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Table 14-1 The same is true for ArAc versus LUJ. The latter
however shows a strong trend toward significance (P= .057).

Values of ArAC versus LSKAJ for Epicriénops, Dermophis, adult

caecilians, and adult stegokrétaphic amphibiéhs are given in
Table 21. The values for adult caecilians and adult amphibians
in general do not differ (P> .05). The Y intercepts are not

significantly éifferent. The difference in growth rate of ArAC

versus LSKAJ between Epicrionops and Dermophis is not

significant at .05. It does however show a strong trend (P=

"D

.066).

Adductor Chamber vs Factor 2: The rate of developmental

change between ArAC and the retroarticular protess (LRAPL) is

significantly different between Epicrionops and Dermophis

(Table 15).

Adductor Chamber vs Factor 3 : Neither the slopes nor the Y

intercepts are significantly different between genera for ArAC

vs WOB (Table 16). ' K
Factor 1 vs Factor 2: The slope of LRAPL vs LL are not
1etween the two genera;/ their y

significantly differenﬁf
Y
intercepts however show a highly significant

Yfference (P<K
.05). The difference in flope between the length of the
retroarticular process and the upper jaw Z;e borderline
significant (P= .051). Y intercepts are also calculated for
Ahis relationship. They are significantly different (P<< .05)

(Table 17).

166




S L e Croan

X
Factor 3 vs Faétor 1l : There is no significant difference in

either slope or intercept between Epicrionops and Dermophis

for WOB vs LUJ (Table 18).

v

Factor 2 vs Factor 3: The slopes of LRAPL vs WOB are not

different between genera, nor are the Y intercepts (Table 19).

Within Factor 1l: The growth rate of the upper jaw #ersus

the lower jaw is significantly different between the two

genera (Table 20). -

Adults and Stegocephalian Amphibians:

The allometric relationship between length of skull
anterior to the jaw and the area of the adductor chamber is
plotted in figure 28. The slope is 2.084; the Y-intercept fis -
3.043. Allometric relationships of braincase dimensions(woa,‘
LOB, OCTJJ) versus skull length (LSKAJ and TSL) are shown in

table 22.
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REDUCED MAJOR AXIS -RESULTS

t

" TABLE 14. Adductor chamber and Factor 1

AN Group 1nb m r? S, N A P
1, ArAC vs LUJ
Epicrionops -3.748 2.215 .858 .252 10
’ 1.90 . 057
Dermophis -3.0119 1.716 .927 .0806 30
N “Y-intercepts Zy= 4.11 P<< .05
2. ArAC vs LLJPM
’ Epicrionops -3.074 1.910 .813 .275 9
1.09 >.05
Dermophis -2.550 1.585 .859 .0744 28
*Y-intercepts Zp=2.59 P< ,05
3. Arac vs LSKAJ
Epicrionops -4.139 2.305 .849  .283 10
.- 1.82 . 066
Dermophis -3.330 1.761 .916 .0931 30
* Y-intercept Zp=1.63 R P>

|

.05
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REDUCED MAJOR AXIS-RESULTS

TABLE 15. Adductor chamber and Factor 2,

Group Inb m r2 Sa N Z P
ArAC vs LRAPL
Epicrionops -1.027 - 1.634 .874 .193 10 N
‘ 2.66 <.05§
Dermophis -1.219 , 1.109 .859 .0744 28
’
\
TABLE 16. Adductor Chamber and Factor 3
/
Group . 1lnb m r2 Sa N Z P
J A
ArAC vs WOB
Epicrionops -4.098  2.992 .955  .179 12
1.86 .063
Dermophis -3.742 2.456 .832 «175 33
* Y-intercepts Zy= 1.06 P».05

A
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& REDUCED MAJOR AXIS = RESULTS
TABLE 17. Pactor 2 and Factor 1
A.
Group lnb m r2 S, N Z P
\1. LRAPL vs LUJ .
Epicrionops -1.692 1.3% .937  .107 10
\{L?4 051
Dermophis 1,503 1.468 .878  .0%04 32 —
. * Y-intercepts = Z.= 16.2 P<< .05
2. LRAPL vs LLJPM |
Epicrionops -.772 . 856 .895 . 0923 9
L 1.14 >.05
Dermophis -.314 783 65 .0463 34
* Y—int\:ercepts 2= 5.32 P<< .05
B.
Group 1nb m r2 S, N 7 P
l. LSKAJ vs LRAPL
Epicrionops  1.354 ,709 .855  .0853 10
. .49 >.05
Dermophis 1.158 .664 913 .0337 \34
* Y—intercepty\zbs 3.77 P< .05 s
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REDUCED MAJOR AXIS - RESULTS

TABLE 18. Factor 3 and Factor 1
Group 1nb m r2 s, N A p
WOB wvs LOUJ
Epicrionops .108 .758 .807 .0133 11
1.44 >.05
Dermophis .300 .697 877 . 0402 33
* Y-intercepts Zy= 0.11 P>.05
TABLE 19. Factor 2 and Factor 3
Group lnb ( m r2 S, NJ z p
LRAPL vs WOB
Epicrionops -1.884 1.788 .854 216 10
1.18 >.05
Dermophis -2.125 2.1007 .881 .154 35
* Y-intercepts 2= 0.70 P> .05
"]
g



REDUCED MAJOR AXIS - RESULTS

TABLE 20. Within Factor 1

Group 1nb m r2 Sa N A
1. LUJ vs LLJPM
Epicrionops .321 .861 .072 .0438 10
5.18 <.05
2. LSKAJ vs LUJ
Epicrionops .651 .961 .978 .0427 11
.27 >.05
Dermophis «162 .974 .986 .0289 37

* Y-intercept Zj= 6.45  P<C .05
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REDUCED MAJOR AXIS -RESULTS

( ’

TABLE 21. Adult Caecilians; Adult Amphibians

Group 1nb m r2 Sa N 7 P

l. ArAc vs LSKAJ

adults -4.186 2,134 .820 .120 63
= 0.19 >005
Amphibians -3.043 2,084 .766 .291 12
* Y-intercept 2= 2.49 P< .05
2. LSKAJ vs. LRAPL
Adults .779 1.02 .755 .0707 53 0.30 >. 05"

* glope is not significantly different from 1.00
3., WOB vs. LSKAJ
Adults 1.09 .62 .747 .0724 63 1,21  >.05"

* slope is not significantly different from 1.00)
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REDUCED MAJOR AXIS -~ RESULTS

TABLE 22. Braincase versus Skull Length: Aduéﬁ Caecilians

Group 1nb m r? Sa N z P
WOB vs TSL
~0,758 .983 .797 .0609 53 0.26 >.05
OCTJJ wvs TSL
-1.254 .979 .721 .0678 58 0.32 >.05
LOB vs TSL
' -0.407 «979 .846 .05286 53 0.37 >.05
. P
OCTJJ vs LSKAJ -
~0.828 .931 .546 .0809 53 1.06. >.05

No slope is statistically different from 1.00.
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DISCUSSION

The Jaw as a Functional Suite

The factor analysis reveals that the elements of the
jawjapparatus covary in the‘manner expected of a functional
suite of features. Two separate factors are found that explain
the variation in the jaws. One corresponds to the
retroarticular process; the other is associated with the jaw
anterior to the jaw joint. These two factors in turn are
closely interrelated, having a correlation coefficient of .72.
The associated variables are Factor 1 LUJ, LLQPM, LSKAJ, and
Factor 2 LRAPL and LRAPU. The area of the adductor chamber is
determined partially by the length of the jaw anterior to the
jaw joint ané partially by the silze of the posterior portion
of the braincase and so does not appear to be fully a part of
this suite of features. R

The structure of the jaw apparatus accounts for most
of the measured morphological differences within the
caécilians. Although the first factor, that of the jaw
anterior to the jaw joint ?;UJ, LLJPM, LSKAJ), describes the
largest portion of the total variance of the sample, the

length of the retroarticular process accounts best for the

morphological differences between families.
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There is a striking concordance between the cladogram
of caecilians and the morphometric differences between
families. The cladistic analysis showing the number of
apomorphies, and the canonical discriminant analysis showing
the degree of their morphological divergence, both suggest
that the rhinatrematids are a highly distinctive assemblage
and share only distant common ancestry with most other
caecilians. In both analyses the rhinatrematids are the best
differentiated family. The largest Mahalonobis distance occurs

between Epicrionops and Typhlonectes. The respective families

are separated\by the largest number of character
transformations (27) in the ingroup cladogram (fig. 21). The
significant morphological distance between Dermophis and
Caetilia (3.097 P= .0075) supports the reclassification of

subfamilies Caeciliinae and Dermophiinae as distinct families
v

L%

suggested in chapter III.

¢

Ontogeny of the Jaw Apparatus

»Garstang (1922) and others have pointed out that adult
morphologies ;re the result of development and therefore,
variation in adult morphologies must also be the result of
developmental variations. There are a number of ways in which
this variation can manifest itself. They have been
characterized by Alberch et al (1979). For the purposes of
this study; where only differences in proportions of

morphological units are of interest, the schema can be

Efmplified (fig. 28). The bivariate analysis can discern three
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Figure

28.

Bivariate plots of changes in allometric
relationships between the ontogeny of two
elements (X and Y) in two organisms A and B.
l. the rate of change (slope) varies between
species. 2. neither slope nor intercept
changes, the adult o¢f~A has the same
proportions of X:Y as does the juvenile of
B. 3. rate of change (slope) remains the
same, timing of onset of development (Y-
intercept) changes.
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heterochronic effects in the growth of/gng_feature relative to
another (Shea 1985). Firstly, between any two organisms, the
rate of change of one element reiative‘to another can be
altered during growth. When this occurs the bivariate plots
wi)ll have different slopes. If the rate change is constant,
the proportions can be altered by extending or truncating the
developmental process (or altering the absolute rate of change
of the elements coincidentally). In this instance both slope
and intercept of the respective plots will coincide. One
individual will resemble an earlier ontogentic stage of the
other (Wayne 1986). Alternatively, if both relative and

absolute rates of development are constant, alterations in

proportion can be brought about by changing the time of onset

or offset of the development of one element relative to

another (Gould 1977; Lgvtrup 1974). In this case, the

respective bivariate plots should have similar slopes but

differing intercepts (White and Gould 1965) (fig. 28).

Combinations of these processes are less amenable to study by

bivariate analysis than their occurences alone.

In comparing the growth rates of elements of each of
the factors with one another, some differences in the
developmental trajectories of the jaw apparatus can be seen.
The relative rate of growth of the adductor chamber versus
Factor 1 (the jaw anterior to the jaw Jjoint) generally
exhibits differences in scaling. The Y intercept of

Epicrionops is significantly higher for the adducto?%chamber
14

versus the length of the upper jaw (P<< .05), and the adductor

chamber versus the length of the lower jaw. Although the
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ilopes of these lines are not significantly different, two of

them show strong tendencies toward signicance (ArAC vs LUJ

-p=,057, ArAC vs LSKAJ P=.066). The slope of the adductor

chamber versus Factor 2 (the length of the retroarticular
process) is significantlyyéifferent between the two genera.
Neither the slope nor the intercept of the adductor chamber vs
Factor 3, here represented by WOB, is different between

S

geﬁgra, although again there is a tendency toward differing

slopes (P=.063).

&The relationships of the growth of the adductor
chamber to the size of each of the factors suggest that there
is a difference in timing of development between the jaw and
adductor chamber. The rate of érowth of the adductor chamber
relative to the jaw is similar between the two genera,

certainly for the lower jaw and probably for the upper. In

Epicrionops however, the ossjification of the dermal cheek is

much delayed by comparison with that seen in Dermpphis (Wake
pers. comm. Wake and Hanken 1982). In Dermophis the squamosal-
parietal space is the last gap to close between dermal roofing
bones. The gap does not occlude in rhinatrematids, leaving the

open-skulled condition. Its delayed development, in Epicrionops

probably permits the growth of the M. Adductor Mandibularis
mass through the cheek fenestra. Thus early onset of growth of
theuadduqtor muscle méés relative to the cheek and, as
suggested by Table I, relative to the jaw, produces a larger
muscle mass in the rhinatrematids. The ratio of length of the

lower jaw to the adductor chamber area in adult Epicrionops is
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TABLE

23

SKULL LENGTHS AND ADDUCTOR CHAMBER AREAS .

OF STEGOCEPHALIAN AMPHIBIANS

Genus In LSKAJ (mm) 1ln ArAC {(mm2) Source
Eryops 6.075 9.056 Sawin 1942
_Greererpeton 2.904 7.369 Smithson 1982
Sauropleura 3.074 1.758 Bossy 1978
Dendrerpeton 4.161 5.254 Godfrey et al
5 . 1987
dardioceghalus 5.413 1.589 Carrolland Gaskill
! 1978
Rhynchonkos 2.713 2.04] "
Microbrachis 2.654 2.653 "
Odonterpeton 1.627 0.916 "
Proterogyrinus 4.992 8.733 . Holmes 1985
Anthracosaurus 5.997 8.774 Panchen 1977
Eogyrinus 5.973 8.285 Panchen 1972
Gephyrostegas 4,119 3.939 Carroll 1970

LIRS
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approximately 3.52:1, whereas it is 4.15:1 in Dermophis. The

area of the adduct&f chamber grows at a distinctly faster rate

-as a function of the growth of the retroarticular in

Epicrionops as compared to Dermophis.

It is more difficult to interpret the developmental rates

of gactor 1 (the jaw in front of the jaw joint) as a function
of Factor 2 (the length of the jaw behind the jaw joint)
(Table IV). Neither of the slopes, LRAPL versus LUJ or LRAPL
versus LLJPM differs significgntly between the two genera but
in the case of LRAPL vs LUJ this may be an artefact of sample
size (M¥1l0 P=,051). Further observations may establish this
diféerence as significant. Although the slopes are not
significantly different, the intercepts certainly are. Care
must be taken in attriﬁuting biological meaning to differences
in intercept when slopes are not the same. The difference
between the Y-intercepts of the LRAPL versus LUJ plots are not

interpretable. However .LRAPL versus LLJPM (length of the lower

jaw posterior versus anterior) shows a very strong effect of
]

scaling (P<<.05). It appears that the portions of the ‘lower

jaw are constrained to grow at similar rates. In photographs

3

of developmental stages, the retroarticular process appears

J

much earlier in Dermophis than in Epicrionops. .

There are distinct differences in the growth of
%
elements within Factor 1. The lower jaw grows at a higher rate

than the upper in Epicrionops (slope=0‘861).The'con;erse is

true fox-Défhthis (slope=1.134) (Table VII). Not only are
these valﬁes significantly different from one another (2=5.81,

P<.05), but each is significantly different from 1.0, ghe

<

.
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slope of the isometric rate (2= 3.48 Eplcrionops, 2Z=4.63

Dermophis). This in part accounts for the recessed jaw of
dermcphids. The relationship of the skull anterior to the jaw
and the length of the upper jaw is a measure of the degree to
which the skull extends beyond the upper jaw. In the
rhinatrematids it is near zero. The rate of growth of LSKAJ
and LUJ are extremely similar between these genera (Z=.273).
The ¥ intercepts are significantly different however. While
the upper and lower jaws may grow at different rates, the
upper jaw and skull seem constrained to grow at the same rate.
The upper jaw is slightly subterminal in the smallest
Dermophis observed. That the slope of this relationship is not
different from 1.0 in either case, indicates that the amount
that the jaw is recessed remains constant throughout growth in
both genera.

The developmental trajectories of Factor 1 and Factor
2 on Factor 3 do not differeq;iate the two genera. Neither
slopes nor intercepts of the 1lines show any significant
differences.

The major differegces in the development of the jaw in
rhinatrematids and dermophids can be summarized as follows.
The delayed ossification of the cheek in Epicrionops appearsq

~

to permit the expansion of the adductor chamber. It is not

clear whether early onset of development of the adductor
chamber alone accounts for the striking difference in the
adductor mass, or whether the adductor mass also grows faster

in Epicrionops than in Dermophis. The retroarticular process
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developes signif{cantly earlier in Dermophis bug?gﬁé relative

growth rates of the anterior and posterior parts of the lower
jaw are the same. The lower jaw grows faster than the upper

jaw in Epicironops, but the converse is true of Dermophis. In

neither does thg relative amount of extension of the skull
beyond the upper jaw change in ontogeny, but it is

significantly different between-.the two genera.

]

Jaw Mechanics an& Jaw Function

Nussbaum (1983) explored the comparative anatomy of
the interhyoideus musculature, showing that it augments the M.
adductor mandibulae mass by pulling down on the retroarticular
process in the manner of a third order lever. Bemis et al
(1983) demonstrated its activity during jaw adduction., It is
less apparent to what extent this musculature assists or
replaces the adduyctor, or what the selective pressures for it;
evolution may have seen. In order to underscand caecilian jaw
musculature as such a radical departure from the standard
tetrapod type, it is first necessary to underst;nd something
of the standard tetrapod condition. Table 23 shows 1log
trahsformed measurements for area of the adductor chamber and
the length of the skull anterior to thé jaw joint for a
variety of stegocephalian amphibians., Amphibians with closed
skull roofs were chosen for a number of reasons. This is the

presumed primitive condition for caecilians. All of the M.

" adductor mass-of stegocephalian amphibians is contained within

the adductor chamber and so its area can be estimated

e - 174
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accuratetv by measuring the adductor chamber. None of these

members is presumed to have masticated food, or to have been
durophagus feed;rs. so jaw function between them is probablv
similar. They are all kinetic inertial feeders, presumably the
condition in caecilians. Amniotes were not used because of the
extensive pterygoideus musculature found largely beneath the
adductor chamber.

The relationship of ArAC versus LSKAJ has a number of
implications. The contractile strength of a muscle has a 1l:1
correlation with its cross sectional area (Gans and Bock
1965). The slope of the relationship shown is extremely close
to 2.0 (2=0.39, P>>.05). Assuming similar relative jaw muscle
capacity of these individuals, this suggests that in order to
maintain function. the power of the jaw muscles must increase
at a rate equivalent to ghe increase in skull length, squared.
Furthermore, if the length of the skull anterior to the palate
is 2 good measure of the size of the skull, as it is in thesé
animals, then the adductor chamber area occupies a roughlyv
equal proportion of the area of the skull in palatal,
irrespective of overall skull size (Fig 29),

If the function of the caecilian 5aw apparatus is
fundamentally different from that of other tetrépods, then one
would predict a different relationship between adult
caecilians than that outlined above. The reduced major axis of
ArAC vs LSKAJ is plotted for adult caecilians and for closed-
skulled amphibians in figqure 29, Measurements for the plots

are in the same units and so their relationships can be

compared. The allometric equations are compared in Table 21-1,
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Like the slope of ArAC versus LSKAJ for all amphibians, the
gslope for this*relationship in adult caecilians does not
deviate significantly from 2.0 (Z=1.12, P” .05). The slopes are
not significantly different between caecilians and other
amphibians (Z2=.19 P"" .05), but the intercepts are (Zf2.49,

P~.05). In the development of Epicrionops, the slppeYArAC

versus LSKAJ is not significantly different from 2.0. However,
in the development of Dermophis the slope of ArAC versus LSKAJ
i8 significant (2=4.43 P~.05) (Table I-3), suggesting that the

M. adductor mass diminishes in relative strength during the

growth of Dermophis , but not Epicrionops.

Differences 1In the Y-intercept of the caecilian adult
and general amphibian curves for ArAC versus LSKAJ give some
idea of the relative strength of the adductor mass. White and
Gould (1965) argue that, where slope 1is equivalent,
differences in intercept are scaling values. In geometrically
gimilar systems, the scaling value is represented as
(b2/b1)(l/l'a), where b; and b, are the respective Y-intercept
values (the antilog of the value given in Table 21 -1), and a
ia the common slope. It is a measure of the ratio of values of
X between organisms for a given value of Y. Taking the
theoretical value 2.0 as the common slope, the 'scaling ratio’
is 3.14. This means that for the area of the adductor chamber
to-be equivalent between a caecilian and a'stegocephalian
amphibian, the‘caecirian skull (anterior to the jaw joiné)

would have to be approximately three times as long. No pair of

observationg exdctly meets this condition, but the scaling
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Figure 29.

= m‘ %“ﬁmﬁ:kﬁd}m; .‘n._. 3t .“ﬁ‘u‘ma qh.d-:ziﬁs‘

Graph of Adductor Chamber area versus length
of skull for caecilian adults and closed-

skulled amphibians see table 23.
An=Anthracosaurus Ca=Cardiocephalus
De=Dendrerpeton EBo=Eogyrlinus Er=Eryop
Ge=Gephyrostegas Cr=(reererpeto
Mi-Wicrobravhis Rh= REynchonks

0d=060nterpeton
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ratio of 3.14 appears roughly to fit the observations. The

largest LSKAJ for caecilians is 12.606 mm (Typhlonectes

compressicauda); the smallest for amphibians is 5.09 mm

(Odonterpeton)- a ratio of 2.47. The adductor chamber sizes

are roughly equal (Typhlonectes=2.58 mmz, Odonterpeton=2.50).

That of Typhlonectes is only slightly larger than would be

expected.

Another, perhaps more important scaling ratio can be
deduced. If the ratio of skull length of stegocephalian
amphibians and caecilians of equal adductor chamber size is
1:3.14, and the adductor chamber area varles as the second
p&her of the skull length, then ratio of the area of the
adductor chamber between tetrapods and caecillians of
comparable size is roughly 1:(1/3.14)1/2, or 1:0.56. (Actual

values found are 1:0.59 and 1:0.54 for Cardiocephalus cf.

Dermophis, but 1:0.17 for Odonterpeton cf Schistometopum ).

Assuming comparable power of the jaw mass relative to size,
this implies that between 407 and 50% of the total power of
the jaw adductor musculature in caecilians 1is assumed by the
M. interhyoideus complex.

The adductor chamber in adult caecilians has the
area:skull lgngth allometric coefficient seen in adult closed-
skull ambhibi;ns but féraskulls of equal length, the caecilian
adductor chamber is sﬁaller by a factor of roughly one half.
Therefore, the gular mus;ulagure augments the adductor
musculature to equal degrees in adult caecillans, irrespective

of size. One can predict from this that, with the area of

insertion of the {interhyoideus being 1linear, the
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retroarticular process length would display isometry with
LSKAJ and with LUJ among adults. The slope of the first line
ig 1.02, not significantly different from the predicted
1sometry'(Z-.304, P"" .05). Likewise slope of LRAPL versus LUJ

for adult caecilians coincides with the predicted isometry

(slope=1.10 Z=1.13 P”.05)
‘s

The developmental allometric relationship for these

elements (LSKAJ versus LRAPL) is not the same as that between

.

adults. The curve for Epicrionops has a slope of .709 and an

intercept at 1.354. That of Dermophis has a slope of .664 and
an Intercept at 1.158. The slopes are not statistically
different (Z=.492)., This indicates that the retroarticular
process changes more Jﬁickly rela;ive to overall changes in
skull size in ontogeny than it does between adults. The ratio
of LSKAJ vs LRAPL of a small adult is not equivalent to that
of an earlier ontogenetic stage of a large adult.

The intercepts of LSKAJ vs LRAPL in ontogeny are

significantly different between Epicrionops and Dermophis. The

scaling ratio is 1.63. The length of the retroarticular
process for comparably sized skull is predicted to be 1.63
times longer for dermophids than rhinatrematids. This is
exactly the size ratio observed from adult specimens. One'can
infer from this that the gular musculature augments the

adductor musculature to a much lesser degree 1in

)
rhinatrematids than adult caecilians in general.
Although the adductor musculature was not in&estigated

d{rectly, two predictions can be made concerning the its

L
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structure and function in caecilians. 1) The M. interhyoideus
of most adult caecilians will contribute 40X - 50X of the
adguction power of the combined jaw musculature. 2) The
development of the gular musculature will proceed at similar

rates between genera. Differences in mass of this muscle will

be the result of varying time of developmental onset.

Miniaturization

Thf description of the allometric relationship between
jaw and skull elements both in entogeny and between adults
allows an understanding the miniaturization of the caecilian
skull. A comparison of the trends found in miniaturization in
other tetrapods with those of caecilians is also informative.

Gans (1974) points ovut fhat t“he maintenance of
adequate sensory function is a limiting factor in the
miniaturization of a tetrapod skull. The size of a functional ]
eye is limited by the number of retinal <cells required for
adequate image formation (Walls 1942; Thompson 1942). Eye size
is known to exhibit negative allometry with overall skull size
in most tetrapods. The eyes of small animals are relatively
larger than those of large animals with comparable visual
acuity. Likewise, the function of the inner car 1is size-

dependent (Bernaczek and Carroll 1977). The minimum size of

the otic capsule 1is determined by the viscosity of the
endolymphatic fluid in relationship to the diameter of the
semicircular canals (Jones and Spells 1973). The size of the

otic capsule, and the braincase are both negatively allometric

. 179
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relative to skull length in tetrapods (Hanken 1983).

Given the strong negative allometry of the brain, the
eye and the otic capsules relative to overall length, there is
an absolute minimum size for a functional tetrapod skull.
Hanken (1984) suggests that the theoretical minimum skull size
is approached In the small plethodontid salamander Thorius. As
the sensory capsules become relatively larger, there is less
space avallable for jaw musculature in a closed tetrapod
skull (Rieppel 1984). In compensation, the dermal covering of
the skull of many small tetrapods is much reduced allowing the
expansion of the jaw musculature beyond the confines of the
skull. Hanken (1983) outlines the effects that relative
enlargement of the sensory capsules exerts on the skull
structure of Thorius. The size of the orbits produce
appreciable constriction of the anterior portion of the
braincase. The relative size of the otic capsule induces é
reorientation of the suspensorium. From these observaéions he
presents a model, or a null hypothesis, for the
miniaturization of the vertebrate skull Iin general stating
Ehat small tetrapod skulls are characterized by a loss of
ossification, struéfural variation and, morphological novelty.
Fhe modifications of the skull are brought about primarily
thr;ugh paedomoryﬁggis (Hanken 1984).

Hanken's model prggiztvxquite“accurately the changes

observed in small frogs (Trugb and Alberch 1985) and

salamanders as well As some fishes (Hanken 1984). Based on my

data, caecilians d¢ not appear to confo igs.30 and 31).

There is little epidence of paedomorphdsis the skull of
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Figure

30

A. a frog, Ascaphus (RM uncat.), B. a

salamapder, Plethodon cinereus (Wx 007),
and C. a Caecilian,

Afrocaecilia taitana (UMMZ 170324)
of approximately equal, small skull size.
Note that the orbit of the caecilian is
closed, while those of both the frog and
salamander are relatively large. The
caecilian skull roof 1s completely ossified,
while those of the frog and salamander are
much reduced.
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small adults. Small adult caecilians have well ossified skull

roofs (see Fig.30 Afrocaecilia). One possible example 18 the

persistence of a large dorsal exposure of the mesethmoid in

Idiocranium (Wake 1986). The morphometric relationships

between the jaw apparatus do not evidence the early truncation
of development. If this were so, the line of allometry for the
jaw apparatus between adults would be coincident with that of
the ontogeny of large individuals such as Dermophis. There
appears to be little variation in adults from the allometric
relationships of the jaw and skull length.

The caecilian s6lution has emphasized the retention of
the highly ossified skull roof. This 1is probably a necessary
feature for diggers (Gans 1974 :Ch.4). The M. adductor
manibulae muscle of caecilians is8 roughly half of the size
that would be predicted for a tetrapod of similar skull slze.
Most caecilians have functional eyes, but there is a definite
trend toward the de—-emphasis of vision (Wake 1985). Vision {is
not 80 crucial a faculty for fossorial animals. In)many
caecilians the orbit is completely occluded by dermal bone.
The eye is diminutive making accurate measurements difficult
but the change in shape of the braincase induced by eye size
in other small tetrapods 1s not seen in’caecilians. Braincase
of small and large members of the same family show'thg same
braincase shape. The major structure occupying the anterior
portion of the skull is the nasal capsule, which changes
isometrically with skullllength in other tetrapods. ic is

closely associated with the tentacle in caecilians (Badenhorst
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Figure 31
v

domparison of two caecilian skulls of

varying size drawn to the same total skull
length. Lhefx, Gymnopis CNHM 189046.

Right. HyRogeo his IZE§§4. Note that similar
shape o% the %raincases, and the similar
sizes ©f the adductor chamber. The
proportions of braingase dimensions to
overall skull size are roughly similar, as

is the degree to which the jaw joint is
located anterior to the occiput,
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1978; Wake 1985).
The negative allometric relationship of th;/praincasq

rd
and otic capsule with skull lenth seen in most tetrapods

(Hanken 1984) is not evident in caeci f;;s. All curves for the i
dimensions of the braincase and otic capsule versus total
skull length are isometric for adults (Table22). In small
tetrapods, the jaw joint ié u;ually located anterfor to the
otic capﬂsu1<e. The relative distance of the jaw anterior to the
occitpital condyle increases'with decreasing overall size.
While the jaw joint in caecilians is anteribor to the jaw, the

; distance fromthe occipital condyle to the jaw joint (0CTJJ)
versus the length of the skull anterior to tﬁﬁ Jaw jodint
(LSKAJ) is isometric for adults (slope=0.91 Z=1.06 P".05) and
in development of both genera analyzed here (fgbié 22).

A small and solid skull is essentlial for a burrowing |
‘animal. It has been attained in caecilians by the rémoval of
approximately haif of the required jaw adductor mass from the
ékull, the severe diminution of the eye, and the location of
the jaw joint Qn;erior to the 1largest portion of the

braincase. This unique solution to the antagonistic

° ) requirements of having both a small and a solid skull has,

permitted caecilians to circumvent the usual changes that

small size imposes on skull structure. . .
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0 CONCLUSIONS

s

The elyements of the jaw show coupling of their rates
and directions of change, both developmerndtally and

#
" phylogenetically. This would be expected of a functional suite

of features.

The rhinatrematid condition of the. skull 1is quite

. ) 1R
atypical of caecilians in general in its adult morphology, and

i probab1§ in its development. In the growth and proportions of

“

the the jaw andfjaw musculature rh%natrematids more closely
approximate the standard tetrapod condition than do other

caecilians. While other authors have taken this to be evidence

‘@5 of the primitiveness of rhinatrematids, it appears from the
ingroup cladogram to be a secondary reversion, primarily .

associated with a trend away from fossoriafi;y.\
- A € .
+ Phylogenetically, this family se¢ems to have separated early

q

from the main caecilian stock. '(" -

Miniaturization of tBe.caecilian skulel'appears Mot to

.

4

have been attained in the manner usual fo}'small-skulled tetrapods.

; There 1is little evidence of paedpmorphosis, either in the
" ’ proportions of the jaw structu(e or Iin the degree of
ossification of the dermal skull. Three factors seem to . .
v contributekyij the unique caecillan solugibn to
small skull-aize>These are-the lpcation of roughly half of .
J the réquired ja‘w adduction musculature ﬂbéhin‘d the head, the
@ , . J.‘ocal;'icn of ache Jaw Jjoint andl susp’enéorium fu]..lyl anterior to

<
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a

' ‘ \
the otic capsules, and the severe diminuttonfof the eyes.

4

d
These specializations probably facilitate miniaturization of
' 1\
the caecilian skull, while concurrently maintai®ing the

strength.of the jaw musculature and the solidity of the skull

-
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APPENDIX 1

SPECIMENS OBSERVED .

A.Gymnophionans.

I. Family Caeciliidae

L]

# Genus Species Condition
UMMZ 170324 Afrocaecilia taitana C& S
UMMZ 182013 s " "
UMMZ 171947 " " "
* 2003 ”n " "
MCZ 20003 Boulengerula titanus "
MCZ 25002 " boulengeri. - " o
KU 119394 Caecilia tentaculata D
KU 104438 " " . v
KU 94377 " ! nigricans "
* ° 898 " Sp. "
* uncat. o occidentalis "
MCZ 14829 " ochrecephala C& S
* uncat. " occidentalis "
(14 specimens) N

539 .« " ] sp. cC& S
UMMZ 171947 Dermophis mexicanus D |
UF 42887 " " " |
* uncat. " " "
MHW 890 " " "
MHW 892 1] ” "
MHW 893 " " (\ ]
MHW 894 " "o "
MHW 895 " " " ’
MHW 896 " " " |
MHW 899 " " " )
I 62746 " " C& S ,
D 1035 " ” 1] }
* 959¢ " " " ]
* 9302 » " . " .
*_ 9581 u " " :
* 939 n " "
* 10079 " " ”" 5
*° " 1348 " sp. Cs S
D 1“037 " 1] " >
* 971c " ] e W .
D 1062 " mot "
D 1078 " ) " "
* 9589 L " L)
* 730a " " - "
* 789b " " ‘ [}
* 930a ; n " U]
* 772¢ " " »
* 730 " ' " "
* 869%a " " - " !
* 789a " " " -
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SPECIMENS OBSERVED ¢

A.Gymnophionans.

=3

I. Family Caeciliidae

L

Genus

‘Condition

Spectes

&*#*#*#t‘il’*"‘***‘#‘

. UMMZ
UMMZ

BM
*

*
*

CZ

* %% X

923b

7724
772¢
772b
813
790
923a
869a
4132
792a
783a
869b
783b
779a
779%a
897
891
1380
uncat
172068
182014
113)°
514
516
uncat.

22408
530
515
501 °
502
539
1304

UMMZ 145047
UMMZ 182012
CNHM 189046

-

MC2

MCZ
*

(2 specimens)

© CNHM
UMMZ
UMM2Z
UMM2Z
UMM2

8
?
uncat.

166830
169935
146994
174032
174037

Dermophis
"

"
"
n
"
"
]
"
"
"
1]
"
L]
" -~
"
"
"
"

Gegeneophis

"
Geotrypetes
"
"
u

(3 specimens

Grandisonia
1]

Gymnopis
" Q

"
"

Herpele
ﬁypogeophis

mexicanus
”

‘N

"
"
"
;]
[]
1 1]
n
"
"
"
"
"
1]
”
ramaswamii
o
grandisnoae
seraphini

L.

al ternans
"

Multiplicata
“ 1

n

"
Squalostoma
rostratus

"

-’l

w

C & S
"

"
"

=EQ =00

=00 o]

-
= =
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I. Family Caeciliidae

% Genus Species Condition .
UMMZ 174040 Hypogeophis rostratus " C& S
* 1946 Idiocranium russeli C& S
UMMZ uncat, Indotyphlus battersbyi W
UIMNH 96671 Microcaecilia albiceps EtOH °
UIMNH 57303 " " n
CNHM 75753 Schistometopum thomensis cCs& S
MCZ 20912 " gregorii "
ZNK R0239 Siphonops sp. D
ZNK R0276 " annulatus D
I1. Family Ichthyophiidae N

# Genus Species Condition
CNHM 189165 Caudacaecllilia asplenia D
CNHM 189167 " larutensis D
CNHM 189245 " nigroflava D
UMMZ 181759 " weberi i Cs 8 /
UMMZ 154884 Ichthyophis kohtaoensis D
UMMZ 154071 " " "
CNHM 189242 " " "
CNHM 189229 " beddomei "
* uncat. " _ sp. "o
* uncat " " css
UCMVZ 179663 Uraeotyphlus narayani cC& 8
UCMVZ 179716 " " C & 8 chek
111. Family Rhinatrematidae

# Genus Species Condition

Y

LSUMZ 27266 Epicrionops bicolor Cs 8
LSUMZ 27245 " - " "
LSUMZ 27291 " " "
LSUMZ 27265 " " "
LSUMZ 27272 " " "
LSUMZ 27289 " " "
LSUMZ 27267 " " "
LSUMZ 27283 " " "
LSUMZ 27243 " " - "
LSUMZ 27317 " petersi "
LSUMZ 27306 " L "
LSUMZ 27300 " " "
LSUMZ uncat. " " "

(2 specimens)

r
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1V. Pamily Scolecomorphidae

_Genus £ Species Condition
* 12226 Scolecomorphus. uluguruensis C &S
MCZ 12216 " " c-& S
MCZz 27103 " \ kirkii "
MCZ - 5 " \ " . W
MCZ 25010 " \ vittatus C &8s
— \
|
V. Pamily Typhlonectidae
# Genus Species Condition
MC2z Chthonerpeton indistinctum W
MCZ " viviparum W
UMMZ 154071<  Typhlonectes compressicauda D
UMMZ 82854 " . " ~ W
(2 more) :
UCMVZ 179716 " natans C & S
* l46 " natans C &S
UMMZ 150625 " " . D
MCZ 89471 " obessus C &S
MCZ 24524 " sp. "
- uncat‘ " " "
(8 specimens)
10 undientified specimens.
B. Fossil groups
I. Alstopods
# Genus Species description
RMNH- 6912 Ophiderpeton amphiumium lower jaw cast
AMNH 6908 "o " .~ skull cast
AMNH 6857 " " skull cast
AMNH 6908 " " skull cast
BM(NH) R2673 b " skull cast v
BM(NH) R26579 " " skull cast
AMNH 6966 Phlegethontia 1linearis whole specim.
cast
USNM 4484 " " " R
UCMP 62580 " cf. linearis braincase




o “I1. Lysorophoids

IV. Microsaurs

b}

/

4 Genus Species description

BM (NH) R2544 Cocytinus gyrinoides cast, skull and
- vertebral column
AMNH 4698 "Lysorophus" sp. skull
AMNH 4699 v ' " skull
AMNH 6172 " " u

v AMNH 7558 " " "
AMNH 4884 " " "
AMNH 4701 " " "
AMNH 4696 " v " "
AMNH 476 2a " " "
AMNH 4700 " " "
III. Nectrideans

. 3 Genus Species description g
RM 14.514 P;yonius mummifer cast, skull and
partial postcranium-
RM 14,510a " " cast, entire
. skeleton
HM M339 Urocordylus - scalaris cast, skull and
postcranium

RM. 14.502 Partial postcranium unidentified

uncatalogued Euryodus sp. dentary and poscranial elements

uncatalogued partial maxilla. unidentified.

V. Dissorophids

Genus

Speciés

description

AMNH 6841

Amphibamus

4

lyelli

a,

cast, entire
specimen
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VI. Primitive tetrapods

'

Genus Species description

Ichthyostega cast skull,
palatal view

CMNH 11090 Greererpeton burkemorani skull.

/

Abbrevigtions:
AMNH Amer ican Museum of Natural History N
BM(NH) British Museum (Natural History)
CMNH Cleveland Museum of Natural History
CNMH Chicago Natural History Museum .
KU Kansas Uffiversity
MCZ Museum of Comparitive Zoology Harvard
LSUMZ Los Angeles University, Museum of Zoology \
MHW Collection of Dr. Marvalee Wake Berekeley
RM Redpath Museum McGill University
ucMme University of California Museum of Paleontology

UCMVZ University of California, Museum of Vertebrate

A

UF

Zoology
University of Florida

UIMNH University of Illinois Museum of Natural Hisﬁory
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Untransformed measurements for caecilians. Values are (\in
. orfter) LSKRF, WSKRF, WSKT, ARAPM, LOB, WOB, DTR, TOA, TIA,
AraAC, DSK&J, LUJ, LSKagJ, oOCTJJ, OTT, LPO, LLJPM, LRAPU,
LRAPL, ARAPD. ArAC measured in mm2. ARAPD and ARAPM in
degrees. All other measurements are in mm.
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1 Caecilis occid 7.936 €.826 3.205 132.410 5971 4.143 1.338° 8 . 1180 2.375 5.682 §.162 2.506 . . LETY 2408 2.446 121,288
2 Ceotrypet s:rap 5.679 L.707 2319 . - 5,143 3.7 0.876 . . 0.823 1.461 3.150 4.357 1.923. . 2.926 . . .
3 Typhlomec obes S5.666 6.985 3.935 135.188 4.652 4.283 0.9%4 . . 2.006 2.977 3.611 (.1m1 2.703 . . 3.57% 1845 2.eM 143138 4 N
§ Typhlonec satan $.716 9.414 5,136 154.223 . . I B 11 P . 8.575 1928 . LA, .819 . . )
S Cymaopis aulti £.635 {116 2,291 165.120 . . . . 0.383 2,635 2.53% 1.12% 2.111 1.196 . §.:? 1.021 152141
§ Geotrypet grand £.413 1.368 . 3.457 2,47 0.655 . . 0.249 3.738 1.552 3.5 1117 . . A1 0.918 1.015 154,693
: T Mrocaeci taita 5.687 3,162 2.438 154.681 4.003 2.208 0.%09 . . 0.441 2,053 . AT LA . 31.481 1480 . N
§ Ceotrypet.serap 5.304 J.018 2,04 158,953 4.199 3.002 0.634 . . 0.301 L.411 4.519 S5.086 . . « 1G4S 1,242 1,765 136, 3!1
9 Dermophis mexic T.117 5.700 3.498 140.638.5.821 4.120 . < 0.537 2,993 3,130 4.562 1.430 2.313 . 2.782 3.188 3.488 142,035
11 Geotrypet serap 6.978 4,173 2.512 167.9%0 5.741 3.796 9,930 . . 0.576 2.174 4.366 5.302 1.692 . 3.153 3.508 1.551 1.682 150.408 f
1Z Geotrypet sersp 1.725 §.284 2.679 156,416 5.339 4,023 1.173 .. 0,598 2.967 4.96¢ 5.%90 . o 3515 4,002 1,698 2.540 121,698
13 Caecilin ochre §.264 5.588 3.259 144,486 . 3.105 . eooo LI L2 51 L. . 3960 2,491 2.420 125,538
« 14 Boulenger boule 4.973 3.415 2.197 170,577 3,083 2.620 0.746 . 0.353 1,951 3.628 t.080 1.2%3 . . 3.421 1.172 1.218 156.108
. 15 Boulenger taita 5.603 3.588 1.978 141.785 3.413 . 0.752 . . 0.167 L.812 3,952 380 2.065 . .. JATY 1486 1,814 132,105
16 Ceotrypet serap 8.846 1.008 4.216 154.597 6.055 9.878 . .. 0.08 2.281 £.35¢ 5.642- 3,516 . 3.160 2946 2.151 2.311 149.160
17 Typhlosec sp. 8228 1.246 4552 151.087 4.819 5.399 . . 0.712 1.908 4.566 4.500° 2.066 1.717 2.434 3.659 1.418 1.822 148.848
18 Unident sp. 4.663 3.121 1,940, 3.201 2.561 1.118 . . 0.190 1.255 3.416 3.864- . . .14 . . .
19 Geotrypet serap 4.985 . 2,219 156.108 3.171 2.698 0.767 . . 0.213 1,826 3.535 4.539 .59 0 891 2.411 2,685 1.366 1.498 139.50:
20 Unideat sp. 4.288 3.028 1.959 153,343 3.096 2.256 0.681 . . 0.157 1.791 1.888 2.442 1.390 . . 1131 0.901 1.197 128,413
21 Geotrypet serap 5.367 3.790 2.351 169.166 £.021 2.937 0.78¢ . 0.252 1.142 3.684 &.250 1.536 . 2.931 2.7119 1.505 1.431 133.605
12 Dersophis mexic 7.197 5,395 2.939 152,485 5.615 4.268 ., « o 0.566 1.705 4,505 5.773 0.886 1.311 3.422 4.405 2.484 2.753
24 Typhlosec sp.  9.208 1.606 .749 147.030 6.136 4,912 . oo 0TI 588 1543 2,786, . ' . . b
L5 Geotrypet sera §.459 6.858 2.744 145111 6,701 4.084 . o LT 6281 8T 2,205 §.588 .
26 Bpicriono peter 9.023 §.981 3.533 172.131 8.437 4.768. . 1.682 4,026 6.632 5.761 3.865 . 2.240 6.005 2.389 2.530 186. 270 - 1}
&1 Bpicriono bicol 9.699 1.7193 4.113 ., 8.506 4.846 . «« L6701 2.403 7.601 8.088 3.014 ., 3.248 1,757 2,151 3.205 111,344
38 Bpicriono peter 8.595 1.163 3.418 140.58¢ 1.175 5,131, oo 1363 2,812 1,611 8,303 2.5 . . 1.630 2,382 1.349 169.708 .
29 Bpicriono bicol 4.458 3.581 2.170 178,625 3.156 2.589 0.161 . . 0.295 1.839 3.832 £.541 1352 . . 3,499 1.079 0.843 184591 .
30 Bpicriono bicol 9.942 4.791 4.140 163.061 9.103 5.854 . ... 3,080 3.616 7.986 8.426 2.764 . 3.150 7.130 2.979 3.210 155.598
31 Bpicriono bicol 4,213 3.024 1.955 173,403 3.357 2.411 ., oo 0,264 1,728 3,054 3,065 1.841. . t.42l 0.823 0. 789 111,936




32 Bpicriono peter 5.095 4.044 2.554 166.202 4.858 3.423 . oo 0411 1777 4,422 4,840 1.982 . 2.8 4321 1.414 1.215 186.415
33 Bpicriomno bicol 7.267 6.353 3.240 171,295 1.183 13.100 . <. 0,939 3,510 5.901 6.3712 2.625 . 1.949 , 1,780 1,899 179,592
34 Bpicrions bicol 5,363 4.867 2.640 164.288 4.547 3.302 . Lo 0,726 . . . . . . . . .
31§ Bpice-ono bicol T.343 6.847 3.071 174.537 1.623 5.249 . oo 1,932 5,527 6.300 7.163 3.227 . 2.681 5.613 1,991 1,766 168.1¢4
36 Bpicriono bicpl 1.370 6.777 3.447 116.425 6.985 4.782 . . 1.662 . . . . . Cor . . 114.271
31 Bpicriono bicol 6.465 5.375 2.887 162.175 5.352 3.453 , e 2.337 4,985 5.766 . . 2771 4,051 1,594 1.451 176.790
38 Bpicriono peter 3,385 2.52 1.083 . . . . .. 0,496 . . . . . . .
39 Bpicriono peter 4.108 3.816 2.684 176.113 3,737 3,179 0.781 . . 0.412 1.970 2.788 3.212 1.989 . . 2.561 . €
10 Scolecomo ulugu 5.242 3.847 2.109 127.526 3.802 2.231 0.92¢ . . 0.292 2.379 3.709 {.305 0.995 . 2.032 2.490 1,317 1,166 120,750
41 Schistome thome §.803 5,175 2.589 142.341 §.116 3.179 . o 0,432 2,910 4,389 5,087 2.112 . . £.203 2,766 3.134 140745
42 Schistome grego 5.595 4,883 2,087 130.413 . . . .o 0,358, . . . . . . . . .
43 Tchthyoph sp. ) . . . . . e 2.465 4,576 5.401 2.652 . 2.981 4.944 2,364 2.870 119.058~
44 Geotrypet serap 1.523 6.234 2.789 159.047 £.250 3.173 . .. 1,182 2.986 5.653 6.261 2.60) 2.360 3.452 5.350 3,228 3.74) 121..4
46 Unideat gp. 1,970 1.529 3,720 153.617 5.686 3.916 . . 0.962 3.660'5.189 6.443 . . . S.041 2,961 3.652 142.803
{9 Caecilia occid 6.647 4.682 2.763 120.169 £.816 3.195 1.199 . . 0.4€3 2.617 4,366 5.266 1.312 . 2.673 2,997 1.361 1.112 139.312
48 Geotrypet gerap T.412 5.839 2,735 154.553 6.032 3.979 ., .. 0,670 2.459 5.812 6.175 1.618 . 2.96¢ 5,290 . .
{9 Unident gp. 6.233 6.034 3.423 123.190 4,315 4311, .« 0.455 2.663 5.196 1.1} . . . 5.161 2 344 2,846 134,051
50 Dermophis mexic 8,368 71765 4,130 162,996 1.423 4.830 . .. L1510 2,682 6.671 1,364 2.136 1.891 4.680 6.298 2.521 3.192 140.188
&1 Typhlome sp. 0.108 1,802 4,432 140.653 5.724 5.385 1.168 . . 1.233 4.103 6.923 8.546 3.052 3.170 4.217 6.347 2.096 3.139 139.40§
52 Uraeotyph naray 5.483 4,658 2.810 137.195 3.074 3.096 . . . 0.723 1.676 4.029 4.639 . . . 1.927 1.864 144,950
53 Typhlome wmatan §.950 §5.625 2.522 145.567 5.029 3.521 . o L6 4184 2,857 4032 . 0.985 2.014 3,580 1.890 2.040 129,129
'3 §6 Caecilia occid 7.788 4.847 2.870 141.521 5.218 3.35¢ . oo 0,515 2.238 4.88Y S.646 2.680 . 1,229 3,791 1.180 2.3178 138.105
- 55 Caeciliz occid 7.910 §5.292 3.061 144.600 5.761 3.521 . .. 0.824 2.132 4,332 5.639 1.15% . 3.503 3.935 2.556 2.637 136.12
¥ 57 Caecilia occid 4,964 3.254 2.090 161.889 3.464- 2.310 . .o 0,286 1.587 3.281 .74 1,835 . 2.190 2.600 1,382 1,353 142.333 .
? §8 Caecilin occid 4,396 3.032 2.099 131.281 3.109 z 250 0.722 . . 0.Z12 1.508 3.160 3.636 1.391. . 8111 1.423 1.652 136.229
§9 Caecilia occid 5.866 . 3.118 142,965 4.139 25129 1.017 . . 0.281 . . . . . . . .
60 Caecilia occid 6.035 4.019 2.636 148.754 €.225 2.7121. .. 0,329 2,045 3.991' 4.482 2.303 . 2.15% 2.881 1.555 17813 1271.416
§1 Caecilia occid 5.579 3.802 2.454 119.981 4.413 2.657 . « o 00602 2.134 3,813 4,598 1.866 . 2.191 2.183 1,325 1.756 141,232

§2 Caecalia occid 1.222 4.844 2,484 160.220 4.590 3.115 .
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18 Typhlose? 5p.

§3 Caecilia eoccid §\002
6t Omideat sp. T1.551
§5 Geotryp serap 4.110
6 Caecilia oceid 5.941
§7 Nerpele  squal 1.536
§8 Scolecoso ulugu 5.096
9 Scolecono kirki €.692
10 8colecoso vitta 8.150
12 Unideat sp. 4.255
11 Unideat sp. 3.615
13 Idiocrani russe 3.286
16 Dersophis sp.
17 Typhlonec sp.

19 Unident sp. " 8.148
80 Dersophis mexic 7,640
81 Dersmophis mexic §5.241
82 Deriophis mexic 4.110
43 Dernophis seric 5.876
84 Dersophis meric §.617
85 Dermophis mexic 4.871
86 Dermophis mexic 6.663
87 Dermophis mexic\§.161
40 Dermophis mexic §.319

_§1 Dermophis mexic 5.904
. 92 Dermophisz mexic 5.230
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95 Dersophis mexic 5.514
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- 103 Dermophis mexic 5.029

. 110 Dernophis mexic 3.34?

yp0teoph rostr 6.020 4,141
© 116 Deraophis aerxic 6.230 ﬁzo

97 Dermophis mexic 5.252 4.513 2,732 170.496 4.018

98 Dersophis mexic 5.496 4.291 2.735 168.790 4.418
99 Dermophis mexic 4.443 2,953 3.690 160.161 .
100 Dersophis mexic 4.741 3,973 [2.716 172,180 3.539
101 Dermophis mexic 4.594 4.047 2,829 169.563 2.851
102 Derwophis weric 4.523 3.153 2.410 162.331 3,016
3.468 1,383 170.646 3.634
3.616 . .
3,073 163.480 .
1.5 111,951 .
. . 3.145
2.811 . 3.215
1346 169,959 3,238
112,151 3,925
1.505 116.922 .
_1.669 170,235 .
2.649 167,269 2.294
5.015 154.449 8.539
2,748 157.501 4.401
2.775 169.508 4.416
46 3,067 117,760 5.181
1.961 4.008 147.162 1.100
2.119 5.006-143.124 5.179
1,324 30582 156.09% 6.18)
3,496 2,537 _60.269 4.43¢
4.187 2.397 159.075 4.302
123 Nypogeoph rostr 5.34% J.695 2.383 162.796 3.802
12¢ Tchthyoph kobta 1.102 §.110 3.662 160.49¢ 5.508
125 Dersophis weric 12.491 10.116 5.100 153.202 8.205
126 Ichthyophk kohts . 5.615- . . §.1689
121 Typhlonec matan 11.718 8.8%4 4.032 152,125 6.124
128 Typhlonec compr 13,458 10996 5.425 146.015 1.412
128 Taecilia teata T.614 5.494 3.230 154.357 5.169
|30 Caecilia amigri 8.368 5.931 2.610 153.338 5.411

105 Dermophis meric {.582
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144 Dersophis sp.

“131 Caecilin tests 9.120 1.148

132 Siphonops.sp. - 5.859 434S
133 Siphonops samul 5.791 5.138
134 Typhlomec sp. B8.488 §.485

-J35 Dersophis sexic 5.431 4,415

136 Ichthyoph beddo 8.338 6.287
137 Candacaec asple 1.432 5,666
138 Casdacsec larut 8.163 6.245
139 Caudacaec nigro 10,093 1.396
140 Ichthyoph kokta 10.234 1.812
14} Microcaec albic 6.181 4.317
142 Microcaec a}bic 5.686 2.425
143 Geotrypet sp.  11.181 8.625
9.817 9.500
145 Typhlonec sp. . 8.500

{46 Dermophis sp. . 12.250 .
11.035 1,315 .
148 Caecilia occid 6.458 £.250 .
149 Ichthyoph sp. . 1.150 .

147 Typhlonec -sp,

150 Caecilia sp.
151 Caecilia sp, . 6.250

152 Dermophis seric,. 10.125 .

15% Dersophis aexic . §.315

154 Dermophis sexic . 10.150 .,

155 Dermophis mexic-. 11.500

156 Dermophis meric . 5.800 .
157 Dermophis mexic . 5.800 .
158 Dersophis aexic . 10.000

3,858 M1.542 6.264 4.209 2.401 11 11 1.452 T.584 1.196 8.027 2.969 .
1.993 146.682 3.360 2.6U . M. . 1,905 3.806 4.235 2.148 0.748 2.418 3.511
2.649 154,752 4,255 3.037 0.124 12 14 0.658 2.119 4.722 5.557 1.689 0.181 2.044 L9110
2.654 146.250 5941 3.936 1.362 23 24 1.246 2.847 6.907 1.980 2.064 2.597 3.640 §.95¢
1.893 145,842 £.640 2.967 0.754 16 15 0.435 1.840.4.262 4.791 2.027 1.263 2.693 3.810
.81 . 5.582 4.330 0.649 16 13 1.3%0 2.375\%:T$&\§;;:;: 450 1207 3414,
3.132 164,651 5,416 3.943 0.775 19 19 1.120 2.178 6.00 A, 2.211 6.58¢
3,941 154,522 5.456 4.243 0.931 16 17 1.257 2.500 7.424 1.637 2.462 1.508 4.115 1.281
4,050 154.346 6:618 5.149 0.823 18 20 1.543 3.069 8.642 B.516 2.413 3.328 4.340 8472
£.073 150,355 6.268 4.892 0.706 18 20 2.175 3,763 9.332 9.422 2.524 1.312 3.463 8.10
2,258 150,024 £.634 2.976 0.735 8 14 0.386 2.306 4.330 5.016—2.040 . . £.350
319, 3.896 2.605 0.765° 7 14 0.467 1.993 4,361 4.539 2.272 0.818 2.2%4 4.307
161.229 8.500 6.250 . 2. . 3.150 9.750 11.250 J.566 3.875 §.141 1.815
162,605 11.625 6.315 1,375 18 19 2.492 3,875 1,150 8.500 5.216 3.250 4.975 8.375
154.574 1.150 5.875 3.250 19 17 1.372 3.625 £.500 10,750 3.125 4.315 . §.8%5
11.500 7,250 1.375 13 16 2.617 8.315 10.625 12.124 4.625 3.315 . .
8.125 6.000.7. 13 .. 2.625 7,500 9.250 3.863 3.125 . 1.500

#147.932 . 3.000 . I 2.500 6.000 6.375 1.675 2.625 3.015 4.625
163.032 10.250 5.000 0.875 18 19 1.949 3.250 10.250 10.250 2.05% 1.315 . 8.12%

3.872 .19

3.217 140.589
0 1.651 148,042
0 2.208 11018
3 3.204 1285
!

2.320
1.480
1.M
2.90
2,157 2.3 148.170

1.405 3.0 l‘iilll
2,118 3.237 160.708
2.622 2.738 165.608

3.1 4056 156.608
33l 158.342

1400 4,657 147.9%
§.316 5.187 151.218
3.931 1,380 142,534

2.958 3.15¢ 1et. 100
1.908 2.266 140.172

3.390 4.530 144.262°

10,393 6.815 3.945 161.103 6.500 5.000 . 9. . 2.130 1.250 9.000 1.669 1.000 4.070 7.250 2.490 3,393 145.153
. 150.676 6.250 5.500 0.875 13 12 0.908 3.000 §.500 6.500 2.847 1,015, §.315 2.810 2.164.150,154
147,154 10.125 3.5;5 1.250 16 16 2.357 3.150 9.825 10.500 4,595 . 2.625 10.125°4.517 4.660 156.801
154.384 1.125 4,315 0.875 15 12 0.924 2.625 5.875 6.500 3.175 1.500 . 5.250 3,077 3.503 .144.518
139.990 10.75) 6.250 1.500 11 1! 2.8]5 4,250 9,315 10.150 4.811 2.315 8.250 4.757 4,914 151.918

. 145,649 11.800 7.000 1.500 14 14 2,159 4.315 10.875 12.000 4.128 2.50) . 15 L1 5,451 150,34
156,873 2.815 6.875 0.750 14 9 0.347 2.875 5.815 6.625 2.518 1.500 . 5.250 2.719 3.331 14§.600
156.694 2,875 4.375 1,125 14 12 0.889 2.895 6.125 6.875 2.859 1.315 . 6.000 3.112 3.688 145.318

. !41.5%5 10,375 6.625 1.250 15 15 2.427 4,375 9.1507 10,375 3.748 2.500 . B.150 4.595 5,215 148.181
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APPENDIX IIX

- ANNTOMICAL ABBREVIATIONS . )
~

ba \ Basal articulation . ~
bo Basioccipital - v
Bc '~ Braincase
bs Basisphenoid N
cmj Craniomandibular joint
eo \Qioccipital \
v E?)C Exoccipital-Opisthotic a i
F Frontal
Fp Frontoparietal '
J Jugal . Z
L lacrrimal
P _ M Maxilla > %
MPa Maxillopalatine L j
N Nasal %
Nem Nasopremaxilla 3
0 Opisthotic ;
OB Os Basale ;
X o, P ’ Parietal ‘
Pa Palatine '
Pf Postfrontal .
Pls Pleurosphenoid . ;
k Po . ) Postorbital } ' '
- PP Postparietal S '
) Ps Parasphenoid ‘ ) B
4
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APPENDIX III .

ANATOMICAL ABBREVIATiONS

L

Psa Pseudoangular
Psd Pseudodentary ) .
Pt . _Pterygoid
Ptgq Pterygoquadrate
Q Quadrate
Qj " Quadratojugal
so . *  supraoccipital
St Supratemporal
Stp Stapes
by Tabular
Ta Tentacular apéture
v Vomer
X Tenth nerve foramen
<A . ‘, %
p
\
: 'S
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