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ABSTRACT 

'\ Determi~ing the h~gher level ralationships of the 

m~dern.amPhi~de~ GymnoPhioha (caecilians) poses a 

number of methOMnl ogieal problems. A cladistie methodology ia 
, ~ -
outlined by which the phylogenetic relationships of this 

group ean be determi,ed objective~~. Among the possible 

~l ste r 9 r 0 u p san a l y z e d , wh i chi ne 1 u d e dis sor 0 phi d 
, 

temnospondyls~ a!stopods, neetrideans lysorophoids, 

micros.urs, .nurans an~ urodeles, thé ~rosaurs a f the / 

- fa~s Gymnarthr idae and Gon!orhynchidae are the most 

p1a.usible~ sister group of caecilians, based on cranial .. 
osteology. Hence, the thr~e modern orders of amphibians, 

, 
.càecilians, anurans and 'urod~l'es;' do not constitute ~ 

~.. , . 
-monophyletic assemblage exclusive of al1 Qther groups. 

1 , , 

Iogroup analy~is indicates that ~he I~hthroPhii~ae is the 

. mos'&. pr imi ti ve· 1 i'; ing èaeci 1 ian family. The cladlstlc 
. ~ 

analysis suggests that features of the un~que j~w apparatus ~ 
,,0 • 1" •• , -

d e fin e t ..j 0 g ·r 0 U P s 0, f c a e cil i ans wh i ch dive r g e d , 

phy10genetically, early in the groupls hi'story. Morphometric .. , 
analysis revea1s that elements of the jaw apparatus~compose a 

functional suite of features. Aspects of the development, . 
function, and significance of the jaw to miniaturizaeion of 

the caeci1 ian ~are inferred from the morphometric 

analysis. 
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RESUME () 

LeI afflnit~8 phylogenetiques de l'ordre moderl)e des 

.>. amphibiens Gymnophiona (caeciliens) posent premi~rement les 

problêmes mêthodologiques. On pr~sente une m~thodologie par 

laquelle on peut dêterminer objectivement les affinit~s 

phylogenetique des caecilians. Parmi des 'groupes-

1 
frêres'potentlels, Y compris les temnospondyles dissorophides, 

les ars top 0 des, 1 e 8 nec tri d e ans, les 1 y 8 0 r ci p ho ide", 1 e,s 

microsaurs, les anoures et les ul'odê1es, les microsaurs de les 

familles Gymnarthridae et Goniorhynchidae sont le, f'groupes

frire' le plus plausible, selon les caract~res du crAnes. 

Alors, les t~oiB ordres modernes des amphibiens· ne constituent 

pas un gro u pe monophylet ique, non compris de t ou t les sut res 

taxa. L'alla 1 ys e c ladis tique de la G,mophi o na ... 1ui-m@me sugget 
... 

que -les Caractêres de la mAchoire d~finent deux groupes 

f 0 n dam e nt aIs dan s les c a e c lli e n s, qui 0 n t dive r,g ~ t 8 t dan s 

l'histoire de les càeciliens. L'analyse morphometriq~e 

ravales que les caractêres de la mâchoire constitutuent une 
" 

.uite fonctionel1e. On d~duit quelques a"ectes de l~oDtologie, 

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

.'choire selon l'analyse morphometrique. /~ 
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Not merely in-the rèalm of commerce but in the world of 
ideas as weIl our age is organi~ing a regular clearance 
sale ••• Every speculative priee-fixer who consci~nti6usly 
directs attention to the significant march of moqern 
phi losophy, ••• is not content with ,doubting everything but 
goe8 further. Perhaps it would be untimely and ill-timed 
to ask them whére they are goin9, but surely it ia 
courteoua and unoQtrusive to regard it as certain that 
they'bave doubted eve~ything, since otherwise it wo~ld be 
a queer thing for th~m to be going further. This' 
preliminary move~ènt they have there~ore all made with 
such ease that they do not fipd it nece\ssary to let drop a. 
}'lord abou t .the how ••• 
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Since the first description of a caecilian by 
1 

Linneaeus in 1749' (see Lescure '19&5), there has ven 

continuaI debat.e 'concerning their higher le~el relationships, 

a subject that has received heightened interest in the last 

number of years. The majority of workers haJe allied the 

caecilians (a1so known as gymnophionans or apodans) with the 

two other orders of extant amphibians, anurans and urodeles, 

based on a number of morphological, physiologica1, and 

behavioural similarites. Thel'e are, how"ever, a, welter of 
, . 

, , , 

dissenti~g proposaIs concerning caeciliaQ relâ~ionships, 

based on vario12s morpho10gicai cb,aracters that caecilians -
sharé v~th other tetrapod assemblages. 

~ertarnin9 the relationships of caecilians has 

continued to be a perplexing problem owing.in part to the t 

fact that that eaecilians have a distinctive morphology and 

lif.style. Anatomieally" caeeilians are highly derived, 

exhibiting featutes found in no other tetrapods. They have 
. 1 

a180 ll\o~i fied Many of the typicai tetrapod structures in ways 

that are unique. Many of these features ha.ve no di Sdern ible 

-l 
• 
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analogue or,precursor in known tetrapod groupa. The problem 

ts exace'rbated by the dearth of 'fQSS il ma ter lal. On the 
\ 

basis of moder'n members alone it ls exceedingly difficult to 

differentiate primitive from derived features, which in turn 

makes it impossible to predict with any degree of certitude, 

what characteristics the close relatives of caeciliana might 
• & .... 

posiess. Furth~rmore, although it has long been recognized 

.thàt caectlian& exhibit similariti~s to an array of tetrapod 

groups, there is at present no generally accepted higher 

level phylogeny that adequately descrlbes the 

interrelationships of the tetrapods. The individual groupa 

are ~asily recognized~ but they are not readily ascribable to 

a robust, weIl su~ported phylogenetic scheme. It is therefore 

difficult to asse~s the significance of whatever similaritles 

caecilians do share with other tetrapod lineages. 

The advent of cladistics has brought a new conception 

of the significance of similarity in determining 

phylogenetic relationships. It is now recognized that 

organfsms must be united by a particular kind of simllarity, 

synapomorphy, in order that they be designated as members of 

a monophyletic group. A synapomorphy is simply a derived or 

advanced feature (apomorphy) that i8 shared between two or 
, 

more groups. It is'taken to be evidence of recent common 

ancestry (Hennig 1966 :91). Symplesiomorphles, or aharsa 

primitive characters, have no phylogenetic significance in 

cladistic systematics. Many of the charactsrs that 

traditonally have been useQ to unite caecilians with verious 
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o,thcr tetrapod groups May lndeed be symplesiomorphies. 

The reliance ~n synapomorphies exclusJvely makes it 

Imperative that the methods employed ln dlstinguishing 

apomorphies from plesiomorphies are valid, robust and 

unbiased. 

This study concerns ltself primarily with determining 

the sister group relationshbp; of the eaeeilians (Order 

Gymnophiona). The sister group is 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. SpecificallYt these are establishing the nature of 

the pr~mitive caeci 1 ian, determining the signifieanee of the 

morphologieal si~ilarities shared between caecilians and 

o the rte t r a p 0 d g r 0 U P san d, a s e e r t a i n,i n g ho w the g r 0 u p s w i t h 

who~ caecilians display similarities are related to the 

eaecllians and to each other. 

The Choice of Potential Sister Groups 

The 1 n, t i ais tep i s t 0 deI i mit the set 0 f pla u s i b l'e 

sieter groups. In the case of caecilians, this-is neither a 

simple nor trivial matter because the problem of diseerning 

-
the primitive from advanced for caecilian characters (i.e. 

polarizing characters) and that of determining caecilian , 

sister group relationships are intimately connected. In fact, 

i ,t w i lIb e s ho W n th a t the ch 0 i c e 0 f pot e n t i aIs i ste r gr 0 u p s 

determines which characters of caecilians can be polarized. ln 

a sense 1 hope to make clear in Chapter Il, there exists a 
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trade-off 'between the number of potential aister groups 

analyzed and the +~obustness of the Inferences made about 

ingroup polarity. If a large number of groupe are taken'as 

potential sis ter groups, only a small number of caec~lian 

,t:harac~ers can be, polarized, yielding 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 i8 among 

t hem. . 
l have limited the analysie of sister groups to the 

following: A'!stopoda, Order Nectridea, arder Lysorophia, arder 
t 

-
Microsauria, Family Dissorophidae, arder Anura· and erder \ 

........ 1 

Caudata (Figure 1). The 'reasons for the choice of- these groUlllj . .. 
con c e r n the s p e c i a 1 met h 0 dol 0 g' i cal r e qui rem e'n t s 0 f ~I i s 

particular study, and will be discussed in detai! in Chnptt'r 

two. On1y two of these groups, Anurans (frogs) and Ca~adatll 

" (salamanders), are represented by living members. 1 t i s 

noteworthy that that the e.}(tinc~ orders, A'1stopods, Nectride~" 

Lysorophia and Microsauria are commonly united in the SubclnHs 

Lepsospondyli, while the modern orders are themselves usually 

united, with caecilian8, in the Bubclas·s Lissamphibia (Romer 

1 9 6 6 ) • The d i 8 sor 0 phi d 5 are ua ua 1 1 Y con s i,cl e r e d ,lis n f ami 1 Y 0 f 

temnospondyl labyrinthodonte. A de~ailéd discussion of the 

r . / 
anatomyof t'hese groupa i8,deferred until the actual cladistlc 

# 11', l' 

a n a 1 y ais b urt a b rie f <> u t 1 1 ne o.f the var 1 0 U s h y pot h e ses 0 f 

caecilian affinities ls given beiow. 
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Pigure 1. 
, a 

o .. 

...... 

. . 

Representatives of the possible sis ter 
gr 0 u p s 0 f ca e cil i ans. A, the Ars top 0 d. 
!.!!.lesethontia (from McGinnis 1967). B. the -
nectridean Pt'yonius (frQm Bossy 1976). C. 
The lysoropnoid Brachydectes (from Wellstead 
1985). D. The dIs sor 0 phI d t-e m nos p 0 n d y 1 
Doleserpeton (from BoIt 1969) •• E. the 
goniorhynchid microsaur Rhynchonkos (frQm 
Carroll and. GaSk~l 1978) F.thè .• anuran Ratla 
(RH uncata,logued) G. the urodele ~mbystoma 

(RH 2362).'Scale ars equal Imm ~nless otherwise 
s t· i pu lat e d 
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PreviOU8 Hypotheses 

~ An issue ~hat has received much attention ls the 

question of the monophyly or polyphyly of the extant 

amphibian orders (the Lissamph-Cbiaf. The impl ication of 

lissamphibian monophyly for caecilians is that if the three 

modern orders tepresent a monophyletic assemblage, then 

caecilians share a more recent ancestor with Anura (snurans, 
, '. \ 

or frogs) and th~ CaQdata (urodeles, or salamanders) than 

with any other gr?up. Lissamphibian monophyly was propo~ed by 

Gadow (1901), and has ,come to be the received view (Duel'lman 
, 

and Trueb 1986). Parsons and Williams (1963) have provided 

the Most complete formulation of this argument, citing the 

common possession of green rods in the retina, papi lIa 

amphibiorum of the inner ear (see al so Lombard and Bol t 

1979), pedicellate teeth (Parsons and Williams 1962), skull 

fenestration, and similar p~latal structure, among other 

charactersl as indications of close relationships between 

ccaecilians, frogs, and salamanders. Subsequent studies based 

on inner and middle ear morphology (Lombard and ~olt 1979; 

Bol t and Lombard 1985), vertebral structure (a,nd other 

characters, Gardiner 1983), reproductive biology (Parker 

1956), and karyotype (Morescalchi 1973) have supported this 

contention. Other reviews that favour lissamphibian monophyly 

inc1ude Szarski (1962), 

,Due11mann and Trueb (1986). 

Romer (1966), .Cox (1967) and 

A Iess frequently encountered view has been put 

forward 'most recently by Carroll and Currie (1975). Toey 
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VI. Primitive tetrapods 

{) Genus Species description 

Ichthyostega cast skull, 
palatal view 

CMNH 11090 Greererpeton burkemorani skull. 

Abbreviations: 
1. INSTITUTIONS 

AMNH 
BM( NH) 
CMNH 
CNMH 
KU 

'. M.CZ 
, I.:SUMZ 

MHW 
RM 
UCMP 
UCMVZ 

UF 
UIMNH 

American Museum of Natural History 
British Museum (Natural History) 
Cleveland Museum of Natural History 
Chicago Natural History Museum 
Kansas University 
Museum of Comparitive Zoology Harvard 
Los Angeles University, Museum of Zoology 
Collection of Dr. Marvalee Wake Berekeley 
Redpath Museum McGill University 
University of California Museum of Paleontology 

University of California. l'Iuseum of Vertebrate 
Zoology 
University of Florida 
University of Illinois Museum of Natural History 

2. CONDITIONS OF SPECIMENS 

C & S Cleared and stained 
D Dried skull 
W Whole specimen 
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Bolt (1969) deseribed a Paleozoie temnospondyl, , 
~l! ~ e !.2 e t o!!. ' a s the m 0 s t pro b ab 1 e an ces t 0 r 0 f the. 

lissamphibians. At that time, this genus was the sole member 

of the Family· Doleserpetontidae. It is now evident from a 

study by BoIt an'd Lombard (1985), that Doleserpeton is 

'" eonsidered a member of the Dissorophidae. 

The ,previouB hypotheses of eaecilian relationships 

are summarized in Figùre 2. 
, 

Charaeter Choiee 

with myriact eharacters that ean be ehosen, it is 

important to limit the analysis to characters that are 

pertinent to the question at hand. Behavioural, 

physiologiesl, karyologieal, developemental, and soft 

anatomieal eharacters have been used in the past to unite the 

three modern orders but the distributions of these eharaeters 

among fossil groups is nearly always impossible to aseertain. 

Where possible, l have avoided the use of sueh eharaeters. 
o 

Charaeters sueh as the arrangement of dermal bones posterior 

to the parietals among è-epospondyls, are not of use in 

eatablishing relationships in groups that lack these bones 

entirely, such as the modern forms. Use of characters sueh as 

t~.se la minimized in the analusis. The eaeeilian vertebrae 

are quite distinctive and there are no traces of appendieular 

okeleto~, sa there are very few relevant postcranial features , 

available for analysis. Henee 1 have restricted the analysis . -. 
to cranlal features that are -relevant to all groups. In 

'" re801~ln9 characters of caeeilians themselves, sorne soft 
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Figure 2. 
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Previous hypotheses of caeeilian telationahipa. 
Phylogenies with arrows rapresent phylogeneUc 
trees. Rectilinear phylogenies are cladograms. 
A- Anura, Ai. A!stopoda, o. Dissorophidae, 
GaGymnophiona r,. Lysorophoidea, M- Mieroaauria, 
N-Neetridea, p.' hypothetical 
" pro t 0 1 i s sam phi b i a n an ces t 0 r" , T
Temnospondyl amphibians, U- Urodela. 
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anatomieai features are eonsidered but the analysis of the 

h'igher levei relationships relies strictly, on crantaI 

osteology. 

In a way, the view of character ehoice presented hare 

is diametrically opposèd to the criteria for eharacter choice 

outlined by Lp$vtrup (1977: ch 2). The argument I have used to 

~ justify the use of eranial osteology'only, viz. that soft 

anatomical features are no\t relevant to fossi 1 groups, ~is the 

same argument used by LfI'vtrup to justify the exclusion of 
-

fossii groups from cladistie analysis. He claims that extinct 

groups cannot be analyzerl because too little information can 

be gained from them. However, if fossil assemblages were 

excluded from this study, it would be trivially true that 

caee i 1 ians, anur ans and urodel es const i tute a monophylet ie 

assemblage among those mentioned in this study. 

\ 

~ SYSTEMATIC AND EVOLUTIONARY STUDIES 
.y 

( 

-' 

In studying any evolutionary aspect of a group of 

'organisms, the observer brings some preconcep,tion, however 

tacit or inchoate, of the interre'latedness of 2hat group. It 

is desirable, therefore, tha,.t\ a phylogenetie analysie 

precedes any other type of evolutionary study' if the 
, ~ l, ) 

precQrlception is to be based on substanti ve knowledge. It ie 

equa lly imperati ve that the phylogenet:1c study i teel f nei tt\er 
- 1 

predetetmin~s nor presupposes the results of s~bsequent 
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studies. The latter desideratum is ,the major reason for th~s 

work's uncommon preoccupation with systematic methodology. 

l n wh a t fol 1 0 w s , 1 J pre sen t a met ho d 0 1 0 9 y th a t 

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

In formulating the methodo10gy, l attempt to minimize the 

number of contingent aasumptipns about: the under1ying 

phy10genetic process so that 1,ater-, if desired, inferences 
. 

about the process of, evolutio.n can be made without fear of 

tautog~cal, or self-contradictory argumentation. ± a1so 

attempt to minimize the number of assumption~ about the 

interrelationships of caecilians and the other 9roups in 

questiG>n. In this way no particular relationship is made, !. 

priori , m~e- likely th~n any other. A particularly important 

,9pal la toJenU;;ciate an objective, unbiased way to discern 

primitive f~ derived characters both within the caecilians 

and between the groups under study. This provides me with an 
.. 

opportunity to diseuss sorne of the methods for ascribing 

polarit~ that are eurrently in use and to eva1uate their 

validity and the assumptions involved. The me,thodology is 

formulated specifieally for -the problem of eaecilian 

rallitionships but it is hoped that it can be general ized to 

other similar problems. 

Chapter II contains the discussion of systematic 

methodology. In the discussion of methodology 1 claim that 

cladistics finds its justification in the reductionist 

prog~amme. A simil..ar point i9 made independently by Rieppel 

(1987). Phylogenetic probl~ms are solved ,byP'r\educing 
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organisms to a set of characters which are th en designated as 

being primitive or derived. A clad,ogram is a parsimonious 
~ 

grouping of advanced characters. The assertion that an 
\ 

- organi sm has the same phylogenetic hi story as i ts coneti tuent 

part's allows the info~mation in a cladogratn, a grouping of 
fi, 

characters, to he extended to a grouping of the organisme 

that possess thosa..... characters. 

wPt il e the reducti onist method j ust i fies cl ad i st ics 

for organising taxa, it may a1so be the source of cladistics' 

principal inadequacy. Cladistics deals with characters and 

their transformations and as such does not y~eld an 

understanding of organisms as wholes. Organisms are 'concrete 

systems'. ,This means that the component parts of an organistn., 

interact, resu1ting in the emergent properties of that 

org<anism_ (Bunge 1978). Biolf>gical functions are classic 
. 

examples of emergent properties of organisms; they 're 
. 

necessarily the result of interactions of an orgàniem's 
~ . 

consti tuent parts. The rel lance of cladi'sti'cs on characters, 
, 

rather than on organisms, does not permit one to rnake 

inferences about the ways in which characters interact. It Is 

often, however, of considerable interest to biologiste to 

determine how an organ ism' s components function and how th.Qse 

function.s confer on the o~ani.sm i ts capaci ty to sur vive and 

reproduce. # . 
The final chapter of· this work, Chapter IV, atçemptl 

to redress the inadequacies of the cladistic analysis. In 

Chapter IV, the interrelationships of sorne of the characters 

used in the actual cladistic analysis, presented in Chaptet 

J 
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III, are quantified. A morphometric study of the unique 

c:aec:ilian jaw and jaw adductor system is undertaken. It is . 

hope4 that from this analysis Sorne inferences can be made 

about the function of the jaw system and its signifieanee in 

the origin and evolution of caeeil i'ans as a group. 

, 
1 il , 
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The first rule was never to accept anything as Frue 
unless l recognized it to be evidently such: that is, 
carefully to avoid 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 
l encountered into as Many parts as possible, and as might 
be required for an eaay solution. 

The third was to think in an orderly fsahion, beginning 
w i th the t h i n g s toh a t we r e sim p les tan d e a sie s t t 0 

understand , and\ gradually and by degrees reaching toward 
more complex knowledge, even treating, as though ordered, 
materials whlch were not necessarlly sa. 

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

Rene Descartes. 

• 

.... 



o 

o 

, " , ' " ',' ~ , 

,. 1:. INTRODUCTION 

1 

Prl!cis of Cladistics 
----~ -- ~--~~~ 

The principles of cladistics are extremely simple but 

the re'Cent proliferation of opinions on the method, the 
\. 

meaning, and the utility of cladistics has tended to obscure 

the central issues. It is a daunting proposition~or the non

specia 1 ist to abstract a uni fy~ng theme from the ma./ of 

cladistic(literature. F~r this reason, and because of the 

pl ural i ty of opinions abO'ut cl adi,tics wi thin the systernatic 

community, 1 present an epitorne of the systernatic meèhod as it 

,is used in thls study. 

The goal of cladistics is to organise taxa under 

investigation into a hierarchy of nested sets of increaslng 
-

ex c 1 us ive ne s s ( fig. 3 a). Un 1 i k e 0 the r s y ste rn a tic met h 0 d s, the 

objective is not to arrange the taxa into genealogies that 

incorporate ancestry and descente The nested sets of 

cladistics are monophyletic groups. The members of a 

mopophyletié: group are dernarcated by their possession of 

advanced features known as apomorphiès. The significance of 

apo~morphies is tha~ they are \.nvers~ indices of geneta1 ity. 

This can be clearly explained diagramrnatically. Figure lb 
" 

shows à 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,S,C,O and E. A&B 
comprise a 'monophyltid" group exclusive of, all 
other taxa. B. A set of open-ended, non
reversibl~ »ranching trajectories for objects , 
A,B,e and o. X marks a point on a traj ectory at 
~ich a particular attribute of al1 objects on 
that trajectory changes. 
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designate places where changes occur in particular attributes 

of aIl objects on that trajectorr. At any given time, those 

objects that share the largest number of changed attributes 

are those whose trajectories have dlverged the most recently. 

lf the objects in figure 3b are organisms~ and the attributes 

are heritabley characteristics, then figure 3b is a cladogram. 

The changed attributes are the apomorphies. Organisms A and 

B share apomorphies that are less general than those shared 
o ""\ 

v 
b e t we e nA, Ban de, and s 0 0 n. A p 0 m 0 r p h Y X 4 i s s u f fic i e~n t t 0 

dcmarcate A & B as a monophyletic group that is exclusive of 

./ 
C and D • Bec a use s h are d a p 0 m 0 r phi e s (s y n a p 0 m crI" phi es) are 

in die a t 0 r S 0 f the rel a t ive r e c en c y 0 f dive r g e n ce ·0 f the 

trajectories, they, rather than the amount of overall 

similarity, are the important proper~ies uniting 

monophyletic groups. 

A cladistic analysis ls the process of reconstructing 

the Most likely set of branchfng trajectories for a set o~ 

or g an i s ms olt co m p ris est he ste p-s d f r e c 0 g n i sin g cha ra c ter s , 

discerning the apomorphies and, grouping organisms on the 

basis of shared apomorphies. 

C18d1stlc~ as Reductinn 

The epigraph of this chapter is a quotation from 

Descartes' seminal work on the method of scïentific 

Inference. treatlse saw the inception of thê 

reductlonist research strategy. It is 'particularly germane to 
;/ 

a cl~ar exposi~lon of cladistic .anaJ.x..:y-so Each of Descartes' 
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four rules has an analogue in the stages of a cladistic 

analysis. 
~ 

First, one establishes the minimum set of assumption~ 

about the nature of the underlying process being reconstructed 

--" ••• carefully. to avoid precipitation and prejudgement:." 
... 

There are two levels of assumptions needed. The first is the 

set of minimum aisumptions about cladistic Inference in 

genera"l; this need~ only to be outlined once. The second ia 

the set of assumptions concerning the phylogenetic 

relationships of the groups in question and needs to· be 

formulated for each investigation~ 

The second step, "divide each of the crifficultie's ••• 

int.~ as many parts as possible", is the analogue of dividing 

organisms into series of characters. It ls the characters that 

are deart with directly in cladistic ... analysis, and not the 

..,r-entire organisms. ,. 

The third step ls that of resolvlng characters into 

apomorphies and plesiomorphies (primitive character.s), 

"beglnning with the things that are simples~ and easiast: to 

understand." This is the methodologically complex procedure of 

,ascribfng polarity. It receives considerable discussion ln 
'-J 

this paper. 

1-,·· The final step entails choosing between the set of 

phylogènetic hypotheses suggested by the resolved character. 

in such a way that one chooses the hypothesis with the maximum 

likelihood relative to the set o{ observations - "always make 

enumerations so complete that nothinq (i~l omitted." This 1. 

, , 
14 
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the controversial stage of applying the principle of 

parsimony. A detailed l d~scussion is beyond the purview of this 
, . 

work, but a...çursory overview is given here to describe and 

justify the type of parsimony argu~ent employed in the 

systematic ~alysis. 

1 shall outline 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 tne two systems 

èan be compared and to justify my adh~rence to one in 

preference to the other. 

Synthetic Versus Cladistic Systematics 

Most previous hypotheses of higher order relationships 

of' caecilians, and indeed those of lissamphibians and 

lepospondyls, have been couched in the terminology of 

evolutionary (syntbetic) syste~atics, although sorne (Gardiner 

1982, 198i; Bolt and Lombard 1985) have taken a cladistic 

approach. TMs taises sorne ambiguity when attempting to 
, , 

co~pare the conclusions of different authors. It ls especially 

ac::.ute when deal ing wi th the make-up of monophyletic group~. 

For example, the proposal of lissamphibian monophyly put 

î'orward by parso'ns 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 conten~ion by 
o 

'\ 
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Bolt (1969, 1977) that anuranfs have descended, tram 

dissorophoid temnospondyls fails to discuss explicitly whether 

urodeles and caecilia~.s are to be inc1uded i!1 a monophyletic 

group with anurans as descendants of temnospondyla. Later 

works by Lombard and BoIt (1979) and BoIt and Lombard (1984) 

either hypothesize or assume that this is the case. Carroll 

and Currie (1975) identify what they believe to be an' 
. 

ancestral-descendant lineage between microsaurs and caeci1ians 

but fail to identify what other groups, if any, would be 

included with the caecilians in a monophy1etic assemblage. It 

i8 apparent from later works though (Carroll and Holmes 1980; 

Ca~roll and Gaskill 1978), that at least one of these authora 

(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!ïca1ly excludes the anurans and urode1es 
-' 

as being members of a monophyletic group with caecilians, 

those of Nussbaum (1983) and Moody (1909) do note Most 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 stems fram the fact that ln a 

synthetic hypothesis of phylogenetic relatlonship it is 

sufficient to identify anly two taxa, the~ancestor and the 

descendant. It i5 acceptable to say "A la the ancestor of B". 
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In cladistics, on the other hand, any proposition of, 

pt'\ylogenetic propinquity between two taxa must be a made_ 

relat(ve to a third. liA and B constitute a rnonophy1etic groupn 

i.s uninformati ve, whereas liA and B constitute a monophy1etic 

group exclusive of Cil ~ informative. (Often "A and B 

constitute a monoph,yletic assemblage" is stated with the 
~ / 

tacit understanding that this is true relative to all other 

groups. ) 

1-
The stud~ of caecilians undertaken here differs from 

most of its predècessors in its attempt to exploit the 

rnethods and principles of cladistic analysis. This_ raises a 

_prob1em in that the precepts of c1adistic and evolutionary 

systematics are incommensurable. Cladi-stics produces 

cladograms and synthetic systematics produces phylogenetic; 

trees that incorporate ancestry and descente As hypotheses 

about the phylogenetic history of a set of organisms, 

phylogenetic trees a'nd cladograms !Y'ay appear at first to be 

rnuch the sarne' thing; they are not. The most important 

c~ncepts that differ between the two systems are the 

respeetive meanings of monophyly, and the distinction between 

ance-stta1-descendant s~ces on one hand, and s'ister grou' 
. . 

relationships on the.other. 

Monophy1y 

The standard c1adistic definition of a monophy1etic 
~ ~. l ~ 

.., 
group ls an assemblage comprising an- ancestor and al1 i,trs 

.. 
descendants (Eldredge and Cracraft 1980).' Monophyletic groups 
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o 
cladistic systematfcs, ~ 

and only groups mee~in9 the cladist:ic 

definitio,n of monophyly can be rec09pized as natural (Nelson 

and Platnick 1981). In contrast, t.he synthetic definition of 

monophyly does not require that aIl the descendants of a given 

ancestor are 'included in the same monophyletic group. The 
( , 
\genea1ogical tree can be eut arbitrarily and still meet. the 

synthetic requirement of being based on monoPhyleticl~roupso 

(Simpson 1961). This produces paraphyletic gro\.fps, groups th~ 

do not include aIl 'the descendants oLa 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 rel y exclusively on synapomorphy'for 

.a ""' delineating natural groups, evolutionary systematists employ 

a component -of overail similarity in their c...lassification 
, 

schemes, recognizing paraphyletic groups as natural 

assemblages. A monophyletio group, for syntheticists, shl!res 

a. common ancestor but also is united by a set of adaptive 

features (Ashlock-- 1971; Mayr 1974). The major distinction 

then between the criter~on for a. rnonophrletic taxon in 
li 

cladistic and synthetic systems is that the synthetic 

system requ~z:es common ancestry whereas the cladi stic system 

requires exclusive common ancestry. 
. 

Common ancestry in synthetic systematics, as a 

requirement of membership within a'natural group, ls clear~y 

subordinate to the requirement o~ overall similar ity. This la 

ev idenced by the fact that if commc>n ancestry had pr imacy, 

over ... adaptive unit y, the synthetic definition of a natural 

". 

( 
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9touP (Ashlock 1971: encompassing both pataphy1y and 

cladistic monophyly),' could not existe The genealogica,à nexus . 

could'not be cut (Ma~ 1974) such that an ancestor and its 

descendants occupied different (non-nest&ê) monophyletie - - . 
g'roups (Ne1 son and P1atnick 1981). The uti,l ity of the 

requirement of common aneestry in synthetic systematics is 

ta ensure that the similarities by wh'ich groups are defined 

~ homologous. 

Ancestors ~ sister groups 

It i8 generally recognized in cladistics that character 

phylogenie8 do not have inherent in them the type of 

information by whieh ancestors can be identi fied (Hull 1979; 

Pla t nie k l 9 7-9) Dll t a 9 r 0 u p c a n b e d e 8 i 9 n a t e d a 8 a 

plesio,morphie sister group. The reason for this is that a 

species or monophyletic group is defined by the emergenee of a 

new tax onomie char acter (L~vtrup 1977). AlI other gr~up,s, 

in.c1uding the ancestor, willlack that character, barring 

convergence. As a result, the aneestor cannot de distinguished 

from any other taxon on the basis of t~ char acter that 

defines the descendant. The absence of th~ s char acter in any 

group is c1earl'y insufficient evidenee for it, being 

designated as ancestor. Evolutionary systematists eonteria, 

in contrast, that ancestors can, and should, be identified 
~ 

(Mayt 1974; Szalay 1977). 

Choo.ing between methods 

A/question arises: if synthetic and cladistic systems 
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are incommensurable, and the majoEity of exiating ""tudie. have 

. . 
bee~ formulated in terms of the former, why choose the la tter? 

There are two reasons for this, the information content 

inheren,J: in. a phylogenetic tree compared to that in à 

~cladogram, and the extent to which each system yieida to 

thorough methodological codification. 

The re1ationship 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 ia not 
f 

reciprocal. Whereas a phylogeny imp! ies one cladogram only, 

the converse is not true. A cl adogram imp! ies.,. a. number of 

phylogenies. -A grouping of three taxa resolved by 

synapdtnôrph'ies impl ies a single cladogram. A three taxon 

cladogram, in turn, circumscribes six possible fully resolved 

phylogenetic trees (fig. 4). 

Both systems employ character~similarities in definlng 

groups. It was shown in figure 3b that advaneed clt'aracters 
;:-

impart information concerning recency of divergence, t~ • set 

of taxa. The information cOQtent of ân array of charaetera 

reso!ved into primitive and derived'states suffiees only to 

generate a synapomorphy scheme, not a phy 1 ogenet le tree. 

Addi tional information concerning th~ type of t'ree topology 

(one of the six shown in fig. 4) and the probabi1itiea' of 

evolutionary change on eaoh branch is required to specify a , 
~ 

tree from a eharacter distr ibution of this sort (~ober 1985). 

It is evident then that for a given number of taxa, a 
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phylogenetfc tree has considerably more informatiqn content 

than a cladogram; (where that information might come from is 

another question entirely). If cladistic and synthetic 

h Y P olt he ses are t 0 bec 0 m par e d, the y mus t ber e cl: u c e d t 0 som e 

commensurable format. Al though the precepts of these systems 

differ, their results can be reduced to a common format, 
r 

specifically that which contains less information, a 

cladogram. 

The other reason for choosing to present this work in 

c1ad;stic terms rather than adhering to the methodology of 

synthetic systematics, is that the method of synthetic;. 

systematics has never beeo rig~dly codified. lndeed ooe of its 

Most ardent proponents, Simpson (1961), claims that the 
l 

methodology of systematics (his "taxonbmy" (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, giveo kncr'wledge of the anatomy, 

physiology (etc) of a group are seldom discussed, and when 

they are it ia evident that the methods are largely intuitive 

and !i hoc. For the plethora of papers extolling evolutionary 

systematics, none has been able to prescribe Pfecisely how a 

series of variable characters cao be resolved into a most 

parsimonious phylogenetic tree. 
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!!.:. _PE~R_F;..;O_R_M;.;;oI_N_G A CLADISTIC ANALYSIS 

1. Assumptions 

< 
One of the often p~oposed advantages of eladiatiea is 

that in reeonstructing a phylogenetie history, it maltes very 

few contingent assumptions about the underlying proeess. 

Ace 0 rd i n 9 t 0 S 0 ber ( 1 9 8 3 a , b), the.r e are th r e e a s s u m p t ion s • 
/ 

These are: 1) that probabi1ities of evolution on each b~anch 

are between 0 and 1 (noninc1usive). This simp1y implles that 

evolution (change of character state) ia neither Inevitable 

nor impossible on any branch. 2) Branches evo1ve independently 

of one another. This is a relative1y innoeuous assumption 

except in the case of chara'bter displacement by si.ster 

'" sgecies.- 3) On any phylogenetic tree, Pr (1->1) > Pr (0->1) 

(i.e. that the probability of a branch terminating wi·th the 

advanced condition (1) of any character is greatM if it 

• 
begins wi~th that character 7te th an if it begins with the 

primitive (0) condition,\ Contrary to many critieisms 

(Felsenstein 1978), the 1ast asaumption does not imply either 

that homoplasy (the independerrt attairyment of advanced 

features) is rare, or that stasis ls mor~pE'eva1ent than 

evolutionary change (Sober 1985). 1 see asaumption three as 

lIlaking only seant 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(O-

> 1) ~p~ (1-> 1» then synapomorphy would be inval id as a basia ' 
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on which to define monophy1etic groups; c1adistics would 

reduce to phenetics. Moreover, assumption three appears ~o me 

to be the equivalent of the assumption made by Platnick 
. 

(1979), and Patterson (1982) that evolutionary histories can 

best be represented by a hierarchy of nested sets. Granted, 

th!s assumes a continuous, irreversible process such as we 

commonly perceive organic evolution to be (Hull 1979; Beatty 
... . 

1982; Brooks and Wiley 1985) (fig 3b)., but makes no further 
? 

assùmptions concerning tie nature~r deployment of change 
1 .----/ 

within or between gto,ps. ~ 
If we are to b'è-,,~_~to infer the particulars of the 

evol utionary process from th'e reconstructed phylogeny, i t i s 

essential that our systematic methodology be as little 

encumbered as possible by contingent assumptions about that 

~~evolutionary process. This is the main advantage of he 

minimal assumptiona required by cladistics. 

~ Character Recognition 

The characters of cladistics are treated. 
{ 

independent enti ties. It is not required of characters that 

they transform independently; it la simply advisable not to 

c,o n s t rai n, ! e rio ~ i, ,t he wa ys' i n wh i che h a r a c ter s ca n 
\ .ssociate in a cladogram. 

Char acter weighting has been a much discussed issue in 
. ,. 

c1adistics .(Hecht and Edwa~s 1976, 1977; Neft 1986; Sober 

1985~ Shaffer 1986). It con~ists of assigning character~ 

differential values according to their capacity to yield 

correct phylogenetic inference. The val ue is usually based on 
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either the evolutionary lability of a character, or ft, 

propensity to transform in association with other characters. 
o 

Both of thesi proper€ies, lability and association, can only 

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

character weighting is a strictly ~ priori technique. l have 

chosen ~ot to weight characters. AlI characters are taken to 

have equal potential value f ,reconstructing a cladogram. 

\ 
3. Character Polarities 

A variety of methods have been proposed for 

determining pOlarity. l will consider sorne of the more common 

ones here. More exhaustive discussions are prQvided by deJong 

(1980), aQd Stevens (1980), both of which differ in Many 

respects from the general approach taken ~ere. My intent la to 

determine whieh methods are justl fied 9 i ven the assumptions 

made about cladistic Inference. The methods deemed j.ustifiable 
~ 

wirl be valid for both ingroup and outgroup analysis but sorne 
1 • '" 

modificâtions will be necessary for their use in ingroup 

analysis. The procedures l shall discuss were sU9gested by 

Luckett (1980). They include indirect and direct methods of 

char acter analysis (after Nelson 1973). The indirect method 

ls outgroup analysis. The direct methods comprise 

stratigraphie sequence, ontogeny, and functional suites of 
, ,-' 

féatures. Within ,the systematic community there i8 no 

consensus on the relative merits of each these procedure., 80 

they wi Il be deal t wi th in some deta i 1. 
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Indirect observation 

Perhaps the most GGmmon method
y 

Qf of determining 

polarity'is outgroup c~mparison, as described by Watrous and 

Wheeler (1981) and Farris (1973). The outgroup ru1e states 

that given a series of homologous character states in a 

monophyletic group, that state which' ls found ln its 

plesiomorphic sister group la taken as primitive (i.e. 

p1esiomorphic), whereas that state (or those states) found 

only in the ingroup are advanced (i.e. apomorphic) (modified 

from Wi1ey 1981:139). The assumptions are: that an approprlate 

outgroup 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 pOlarities it has 

reeei ved the most complete formulation (Watrous and' Wheeler 

1980; Maddison!1!..! 1984). 
; 

Direct Observations 

In addition to outgroup eomparison, direct observation 

o f the ~i n 9 r 0 U P ca n b eus e d t 0 a sc r i b e pol a rit i est 0 

• eharaeters. Luekett (1980) suggests three criteria: 
\. 

stratigraphie sequence of characters, ontogenetic sequence of 

, oharacters, and functi?na1 suite~ ~eatures. 

Stratigraphie .Sequence. 

The sequence in which homologous character state·s occur 
~ 1 

in the fossil record has been wide1y empl\oyed in 

differentiating primitive from advanced character s ates, an 
1 

2S 
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approach strongly advocated by Simpson (1961 :83) 

••• when based on ssequences 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 physiolog.y 
etc'.) fossils prov ide the soundest basls for 
evoluttonary classification when data 
adequate in their own field are at hand". . \ 

'. 

.. 

That contention wa~ addressed directly by Schaeffer et al --
(19-72)" whQ maintaïn that the utility of the fossil record -lies sOlefy in attaching a time frame to evolutionary eventa 1 

and that it cannot be u5ed in their reconstruction; " ••• it 
~ 

15 simply wrong to use biostratigraphy to determine polarity 
• 1 

~ priori. It should not be incorporated into the methodology 
o 

just because it may be right" (pg. 43; emphasis in the .-, 

original). 'Bu~ they a1so state that "the congruence of 
'l 

morphocline and F~ronoc1ine polarities increases our 

confidence in the hypothesized phylogeny" (pg. 44). If, as 
~ 1 r: f 

these àuthors contend, it is wrong to use biostratigraphy 
, ~ 

"just because i t may- be r ight!', the congruence of morphoc 1 ine 
, 

and chronocl ine pol ~r itJ."es says nothing more tha'n th-at 

morphocline polarities also "ma'y be rigl)t". If only becauae 

of its historical signifycance, the utility of the fossil 

llcord in ascribing polarity. deserves more than â facile 
~ -

di_tissaI. 

In contrast to Schaeffer !!'''!l (1972), 1 acctfpt 

stratigraphie sequence as a legitimat~ criterion for 
ï . 

ascribing polarity, or as a valid potential falsifier of 

character phylogenies arrived at Dy oth~r means. The 
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justification goes aS,follows. The first appearance of a 

~lesiomorphic state necessarily o'ccurs before the first 

appearance of its respective apomorphic state or states. One 

Interprets the eladistic 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 

uni te A and B exel usi vely have emerged after their respecti ve 

states in C. L~vtrup (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 + l included in Tj;" and "No taxonomie 

character 4defining the taxa Tj+'l incl uded in Tj can have 

originated ;a\l ier than any of those defining Tj ." Cladograms 

based on character phy10genies der i ved by non-paleonto log ical 
, 

methods (e.g. outgroup comparison) have imp1 icit in them a 

time component, tha t i s recency 0 f common aneestry (Henn ig 

1,966) or, perhaps more .accurately, relative recency of 
~ 

émergence ~f apomo,phj.es, (Hull 1979). The time c70nent of a 

cladogram generated by such a method ~s not al res'ult of , 

di rect observa ~ ion bu t i s ,a funct ion of the di strl but ion of 

character states. The time component· in a character polpr i ty 

ta ken from the fossil record is independently derivedi it is 

re~d direct1y from the stratigraphic sequence of characters. 

In th!s respect, the stratigraphic sequence of characters is 

an appropr late, independent means. of de,signating polari ty. 
, 

S t rat i 9 ra phi c 'p 0 $ i t ion ( the \ 1 pal e 0 n t,p log i cal 

. argument') as a criterion for ascribing polarity was a1so 
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disparaged by Neison (1978) as not being falsifiable and 

thereby having no information content. 1 de) not s •• the 
D 

rel 'e van c e 0 f N e 1 son 1 s ( l 9 7 8 ) con t e n t ion th a t th. 

paleontolo~al argument is protected from falsification by 

!2 ~ hypotheses. As one example of such, 

that given the ~torious incompleteness of 
-\ ' 

he seems to claim 

the foss il record, 

it is high1y un1i)<ely that the correct earl iest character 

state can be knoWn. He maintains, furthermore, that cases in 

which a previously held p01arity .. based on the foesil record 

is overturned by the discovery of new fossil materia.l are 

adequate to falsify the paleontological argument. This ls an 

erroneous conel usion. A method of phylogenetic inference i s 

not- impugned by the fact that an incforrect observation can 

favour an incorrect hypothesis (Sober 1985). Element.~ry 

deductive 10gic 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 its -- . 
defence. The admission that an observation may be misleading 

is not an admission that the forro of argumentation i8 

invalide Nelson appears to conflate the ideae of the 

legitimaey of a method of phylogenetic Inference and the 

reliability of the obse~vations on which the Inference ia 

made. ,For the paleontological argument itself to be 

fallacious would requi,re that given the correct tsequence of 

characters in the fossil record, the method could favour an 
, ,t"· 

incorrect hypothesis about which 18 primitive and,r.t~bich"-l. 

der ived. 

Any merit to b~ found in Nelson t
• critici.m of the 
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use ff pal eontol ogy, then,"" must revol ve around ;he question 

of the reliability of the fossil record itself. It is 'widely 

aeknowledged that the fossil record fg' incomplete. This does 

not neeessarily imply that it ls more often than not 
~ 

misleading. paul.(19à2) ,convinc,ingly demonstrates 'that the~e 

ia a high probability of species and, by extension, 
, 

charactera being preserved in the correct tempcnai sequence 

in the foasil record, frrespective"of its \comp1eteness., khiS 

a1rWS âne to 

charactera that 
1 

, 
postu1ate that thoae states of c1ina1 

occur eari ier in ,the stratigraphie sequence 

are the actual precur,sors of those appearing. later. '.., 
1 do not claim that the paleontologieal argument is 

infall ible. 1 do claim that a valid method needn't bê. It is 

spfficient grounds for rejecting a method of phylogenetic 

inferenee if the observations are 'positively misleading' 
1 

~ F ,e 1 sen ste i n ~ 9 7 8 ) • T h a t i s t h a tas the n u m ber 0 f 

J observations become indefinitely large, they tend not to 
, 

favour the correct hypothesis (Felsenstein 1978; Sober 
.-

1983b). 1 infer from ,Ne1son's scepticism of .new fossi1 

ev idence tha t he 

record. Howev~r, 

'. 

wouid impute this prop~rty'~ the fossi 1 

Paul (1982) demohstrates that ~ore often ., 

than not the fossi1'record will yie1d the correct,polarity, 
'. 
and wi Il do so increasingly frequently as it be~onl'es more 

complete. 

It waé proposed by deQuieroz (1985), that polar izing' 

characters by the use of the fo'ssi1 record is a speéia1 c~'se 

of outgroup compar ison and shou1d be subsumed under i t. The 
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pa~o1ogica1 argument, unI ike outgroup comparison, do •• 

not require an assumption of relationships beyond the ingroup 

in question. Quite simp1y, within a monophyletic assemblage, 

those charaC"ter state"s occuring first in the fossil record 

are pos~u1ated to be the genea10gicai antecedenta of 

cognate charact..:'r states appearing
l 
later. l conclude that the 

stratigraphie sequence of cha:cacters is an appropriate 

criterion for ascribing polarity. l do not accord it primacy. 

The evidenee of the fossi1 record .Yi! a !l! individua1 

character p01arities does not take precedence over 

countervai1ing evidence provided by outgroup comparison. 

Similar 1y, outgroup compar ison does not take precedence over 

stratigraphie sequence. 

J 
Ontogenetic sequence 

The uti1ity of the ontogenetic criterion has been one 

'of the mOlilt discussed aspects of phylogett1it!c r.econstruction .. 
of 1ate (Nelson 1973, 1978, 1985; Stevens 1980; deJong 1980; 

Firt'k 1982; patter!on 1982, 1983; Bonde 1984; Brooks and .. Wiley 
~. 

1985; K1u~e 1985; deQueiroz 1985). Nelson (1978) .and 
,J~ .. 

Patterson (l982, 1983) have argued for the primacy crf'\. the 

ontogenetic criterion in p01arizing characters based on Von 

Baerls second 1aw, which sta.tes that deve1opm.!3nt proceeds 

from the" more general to the 1ess general (Garstang 1922; 

Gould 1971: 61-3). Ne1so'n (1978) claims that if development: 
~ 

proceeds from more genera1 to less general, then: 

"g1 ven an ontogenetic character transformation, from 
a character observed to be more genera 1 to a 

A 
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character observed to be less general, the more 
genera1 character is primitive and the less general 
character 1a advaneed." 

In contrast, Kluge (1985) has eontended that the 

ont0gen~tic criterion is simply a special case of outgroup 

comparison. Brooks and Wi1ey (1985) a1so e1aim that "[d] irect 

observa t ion o.f ontogeny does not reso 1 ve any cases of 

avolutionary change in ontogeny that outgroup comparisons 

fai1 to reso1ve 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 rejeeted outr ight ~y deJong (1980), except as a 

prov iaiona 1 method of pol ar i zing characters when none other 

is appl icab1e. 

Theae issues require further discussion, but for the 

urposea of this paper it should be noted that the 1iterature 

er taining to caee! 1 ian crania 1 anatomy, rto that of 

fossil and recent amphibians i8 p~ominantly concerned with 

the instantaneous morphology of adu1ts ("semaphoronts" sensu 

Hennig 1966). This restr!cts the characters available for 

analysis to adult morphologies. The issue here in assessing 

the utility of the ontogenetlc critetion is the confounding 

effects '? of heterochrony when phylogenies are based on 

in s tan tan e 0 U s m 0 r ph 0 log i es. 0 uri n 9 de v e 1 0 pm e n t 0 fan 

organism, ontogentic sequences can be al tered in any of a 

number of ways such th~t the resu1tant fina1_mor'phology is 
, 
different frem that of its ancestors. The types of changes 

C Jave been forma1ized in sl ightly different ways. by OeBeer 

fC (1940), L,svtrup (1974: 305) and Alberch et al (1979). Withou~ --
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o direct observation of both ancestral and descendent 

ontogen-ies, it cannot be determined which typa of 

heterochronic event has brought about the change. Contrary to 

Nel son' s (1978) propos i tion, he terochrony (hi s neoteny) 

cannot be a~sumed ! t>riori, thereby nuli ifying all cri ter ia , 
except ontogeny. Rather, as Kluge (1985) pointa out, 

heterochrony can.only be discerned if a phylogeny la 
• 0 

presumed. 

Examples of the problem hete~ochrony poses to 

ascribing polarity to instantaneous characters are.given by 

Rieppel (1979) for the articulation of vertebral centra, and 

.?~he configurat-ion of the trabeculae in the brainc!!lse of 
"\ 

squ~mates (h~'s views are rebutted by Bonde 1984). An apt 

i0ustration is a1so found in the development of the 

C~il ian skull roof. The dermatocranium can be observed, in 
--:J~ 

sorne f~ to undergo closure during development (Wake and 

Hanken 1982) as a result of the concrescence of dermal 

an1agen (DeBeer 1935), yield ing the closed (stegokrotaphic) 

condition in adults. In others closure .does not occur, 

resul ting i~he op~n (zygokrotaphic) condition. Tl1us in a'-l 

closed-skull forms zygokrotaphy has existeà at some stage in ; 

development. The open skull condition ~ more general as it 

is present /in the develo,pment of both kull types and must 

~ave been manife,st in the latest comm n ancestor !!lt some 

stage in development. By NeIson's (1974) dictum, the open 

skull roof is correctly taken t:o he plesiomorphic. That does 

not make i t plesiomorphic for aIl semaphoronts,. The question 
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becomes one of whether the ontogenetic transformabd.on 

ZY90krotaphy -> stegokrotaphy is plesiomorphic, and" 

zygokrotaphy -) zygokrotaphy the resul t of terminal de1etioil, 

or converse1y, whether zygokrotaphy -> zygokrotaphy is 
( 

plèsiomorphic and zygokrotaphy -) stegokrotaphy the resu1 t of 

terminal addition. 1\, as argued by de Quei'roz (1985), the 
..... 

onçogenetic transformation (rather than the instantaneous 

state) is the characfer, then we have two eharacters of equal 

'general ity': i.e. 1) zygo.krotaphy -> stegokrotaphy and, 2) 

zygokrotaphy -) zygokrotaphy • 

The implicattion of the skull roof example is that 

when concentrating on the phylogenies of instantaneous adul t 

morphologies, direct observation of ontogenies itself has no 

utility in ascribing polarity. It ie not necessarily a 

s-pecia1 case of outgroup compar ison (Kluge 1985), nor as Fink 

fl982) asserts, can i t be used to augment taxonomie 

informatyn gained by outgroup comparison. More correctly, 

ontogen~ic transformations are thems!lves characters which 

must be polarized by other methods. The method is usua1ly, 

but not necessari1y, outgroup analysis, as ontogenetic series 

are exceptionally rare in the fOBSi l 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 10ss and fusion of elements, or differential patterns 

of fusion of elements. 
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Functional suites of features 

Hecht and Edwards (1976,1977) maintain that clo •• 1y 

integrated characters, or cov'arying suites of features h-ave .-
..." 

high information content in reconstructing phy1ogenies. In 

their weighting system functional suites are considered as 
L-l 

having high weight because they reduce the probability of 

misinterpreting a transformation series 8S a result of 
7 

homoplasy. The rationale behind this, presumably, ls that if 

features are seen to correlate close1y, or form an 

integrated functional unit, and polarity can be ascribed to 

one such component, then the other constituents of the suite 

can a1so be differentiated into primitive and advanced 

states. Frost (cited by Sporne 1956) ascribed the propenslty 

for advanced states of functionally related characters (his 

fthomogeneous tissues") to be correlated with one anot:her to 

the fact that their evolutionary rates would be coupled. 
r--' 

There are a number of problems with thi~ approach. 

The first, and Most crucial, is .that it is not by itseLf a 

method for determining po1arities of transformation series. 

At Least one character of the suite must be amenable to sorne 

other method of analysis in order that plesiom~rph~es and 

apomorphies be distinguished. The second cri ticism invol ves 

the demarcation and weighting of characters. In terms of 

functional suites, if what are pe~ved as separate 

characters are inextrièably Linked such that a change in one 

character necessarily effects a change in the 
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otherl, they are more correctl~ considered-as composing a 

single character. Repeated \lse of that character would be 
1 . 

e , 

redundant. If the constituent characters of a suite do not 

covary exactly but simply are seen to correlate somewhat 

closely with one another then they cannot be considered 

simul taneoully as a sui te of features. In, fact, by doing 50, 

one would ensure that eventually a transformation ser ies 

would be assigned the wrong polarity. In this sense 
( 

functional suites of features are 'positively misleading' 

(Felsenstein 1978). 

Adapti ve sui tes of. features are deal t wi th by Sporne 

(1956) in a discussion of the 'principle of correlation' (see 

Congruence Charact'ers below), who points out, furthermore, 0 , 

that adaptive suites of features are particularly susceptible 

to convergence. 

My contention'-!s that integrated suites of features 
1 

have no special ptility in asCribing~OlaritY to 

transformation series. If features are' l inked, but only in a 

probabilistic way,' then they should be --t:reated as independent 

characters. If they are inextricably 1 inked, L they should be 

treated as one character. The argumentation used in 
~ 

polar izing' functional sui tes of features is not val id but i ts 

obverse, the congruence method discussed below, is valide 

Summary ~ polarity methods 

In sununary of the character analysis phase, outgroup 

comparison, and, the 'stratigraphie sequence of character 
J 

states are acceptable, ~independent criteria for polarizing 
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characters. They will be app1ied whenever posslble itr 

distinquishing primitive from advanced states in caeciliana. 

Direct observation of ontogenetic sequences Is not a method ' 

of polarizing chaz:actez:s but instead ls one of demarcating . 
4 

them. Polarity cannot be establ ished by use of what 1. 

standardly called the ontogenetic criterion. lunetional p 

sui tes of features have no spedia1 claim to high information 

content, and have no utility in ascribing po1arity. 

!:. C1adogram Constz:uction 

When a11 character transformations uni vocall y support 

one e1adogram, constructing a e1adogram from a set of 

transformation series poses no problem. This, unfortunately, 

Is se1dom the case. When there Is conflicting evidence from 

character transformations, it 'is necessary to choose 'bet~.en 
, 

the cladograms suggested by the observations. The princip1e 

10 of -c1adistic parslmony is emp10yed in doing so. 

Parsimony was proposed as an auxi 11 iary principle of 

phylogenetic inference by Hennig (1966: 122). He argued that 
1 

homop1asy (the independent derivation of advaneed character 

states) should not be invoked unless evidence requires it. 

Hennig's auxilliary princip1e is often" misconstrued as 

requiring that homop1asy is rare and hence repreaents an 

unwarranted restriction on the 
'--- , 

evo 1 ut 10nar,y proc ••• 
...1 

(Felsenstein '1978). There is, however, a distinct difference 
-

between minimizing the required homoplasies and requiring 

" that homop1asies are rare (Parris 1983). The former, Hennig'. 
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principle, i8 the sense in which parsimony is applied here. 

In a series of papers, Sober (19S'3a,b. 1985, -1986) . 

has âeveloped a l ileel ihood justi fica tion for parsimony that 

J' require. onl y thé minimal ass'Umptions of c1adistics. It 
, 

states that the MOst parsimonious hypothesis is the one that 

. confers maximum li leel ihpod on the observations (Sober 1983a). 

Clad1.tïc parsimony ls strictly a methodological concept that 

addresses the a~ount of evidential support of an hypothesis 

relevant ta a set of observations. It does not make .. 

contingent statements about the pr?cess of evolution. The way 

-, in which evide~tiai su'pport for a cladograrn is a~~~ is by . . 
det~rmining the number of homopl<fSies. The cladogram 

requiring the fewest homoplasies is the MOst parsimonious and 

la therefore the Most lilee1y given the set of observations. <\: 
1 
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II • SPECIAL HETHODOLOGICAL CONSIDERATIONS IN -------------- --
CAECILIAN SYSTEMATICS 

mater inin9 the phylogenetic relationships of caeeillana 
1 

actua11y, requires two separate cladistic analyses • 
• 

Customarily, when one wishes to determine the higher level 

relations~ips of a monophyletic group, the known ingroup 

relationsh'ips are employed in determining the ~morphotype (or . ~ . 
stem species) of the group (Novacek 1980), which,-,tis then 

compared to the potential sister groups. The morphotype Is 

simply the totality of plesiomorphic features. It May or May 

not be coextensive with any known member. Conver.sely, if one 

wishes to estimate the nature of the stem speci s of a 

monophyl etic group, or reso l ve the ingroup rel ation ips, the 

known or presumed sister group is employed in ascribing 

polarity to ingroup characters. The particular problem ln 
~ 

caecilian systematics is that neither the morphotype nor the 

primitive sister group is known. Hence cladistic a~alyses of 

both the ingroup and the outgroup are necessary and they must 

be performed sequentia~. The ingroup analysis will be 

performed first. From i , the cranial anatomy of the stem 

species caecilian wil inferred. The stem spec!es 

caecilian will then be compared to the potentiel siater 
1 

groups. It is of particular importance that the ingroup 

analysis peither presupposes nor predetermines the outgroup 

results, and vice versa. This requires Sorne methodologicAl 
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modifications to the techniques outlined in this 

Previou8 studies_ of caeci 1 ian relationships, bath ut~oup' 

- - ,. 
and ingroup, have not paid due attention to this prob em~ 

MOdifications ~ Outgroup Comparison 

The outgroup method was discuased above as a wldely 

used and powerful technique for ascribing pol ari ty. Oespi te 

ita apparent robustness it doea presuppose know1edge of t~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 required 

progression from known (si stér 9 oup) to unknown (po 1 ar i ties 

of ingroup characters) ls the re erse of that out1ined above 

for outgroup analysis, whe e ascription of polarity must 

precede designation of a slster group. 

The fact that the outgroup chosen predetermines the 

po1arity of characters, which in turn is used to designate a 

plesiomorphic sister group, has been,overlooked in taxonomic 

etudies of caecilians th us far. When utilized in this manner, 

the,re is an in~erent circularity in outgroup comparison~. As 

,an example, should the investigator tchoose to assign a 

• lis.amphibian or protolissamphibian outgroup as have Parsons 
..... , l' 

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

akull would be ta ken as primitive (Wake and Hanken 1982). 

Convereely, if Pa1eozoic micros~urs are nominated (Carroll 

and Currie 1975), stegokrotaphy (the closed-skull condition), 
, 

J 
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lOUld just as correctly be chosen as the prim~tiv • .tate. 

These are equally plausible, if opposite, designations of, 
" 

polarity but in each case the outgroup c'hosen proscribes the ~ 

eventual designation of the other as the sister group. 

Notwithstanding the problems that outgroup compari.on 

~ . p.ose to the type of study proposed here, the method i B 

sufficiently robust that with some modification it can be 

used in establishing polal:ities for the purpose of stem 

species reconstruction. In cases such as- this, where there 

are a number of hypothesized sister groups, ou~group 

comparison can be salvagedôy making two (m~difications. Fil:st 
\ 

one need only assume a higher levei relationship (Nelson 

/~) rather than a sister group relatio'nship, thereby 

/' designating a' larger th an usual 'outgroup and,' second, 

Î 

0 

, 
restrictions must be placed on the types .of characters that 

outgroup comparison can be used to polarize. l ahail attempt 

to explain these modifications in sorne detail • .. 
Modification 1: For the purposes of this study, the 

phy10genetic assumptions will be: 1) tetrapods are a 

monophyletic assemblage (Szarski \97-7), '2). rhipidistian 

crossopterygins are the pleaiomorphic sister group.of the 
, 

tetrapods (Holmes 1985). within tbese assumptions, . the , 

anamniote tetrapods minus caecilians are the Most appropriate 

outqroup for both the character ana1ysis and the subsequent 
'::> 

designation of slster groups. Thus, for any cl inal characte'J:' 

wi th! n caecilians, that state present in the anamniote 

tetrapods can be taken as the pr imiti ve condition for 

caecllians. 

~-
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It·might be arg~ed that' the anamniote tetrapods minus 

caecilians encompasses such a diversity of forms that almost· , . 

all caecilian character states, both primitive and derived, 

wou ld be represen ted in one ou tgroup member or another, and 

that those eharacter pOlarities that could be resolved would 

simply be tetrapod plesiomorphies 'shared with rhipidistians. 

An enumeration of tetrapod plesiomorphies would appear to be 
\. 
of little assistance to a taxonomie study of sueh a derived 

gr'oup as the caecilians. These problems can be eireumvented. 

The choiee of this outgroup is defensible for two reasons. 

Given the assumptions about tetrapod relationships, the 

anamniote tetrapods ~re ,the MOSt exclusive outgroup known: 1) 

to eneompass the prop~sed sister groups and, 2) to form a 

sister group relationship wi th the 1 ineage in question. The 

validity of the latter point, th~t a group and its outgroup 

ahould constitute a natural assemblage is self evident. That 

the outgroup should eneompass aIl proposed sister groups i5 a 

special requirement of the problem at hand, and requires 

further explanation. Normally in a procedure whére outgroup 

comparison were employed, the Ou.tÇoUP would eircumscribe the 

set of possible sister groups (u:Sually of one). ~y 
group fall ing outside the outgroup could consideJ a 

potjntial,ister group. The specifie pro m as formulated in 

,this atudy is one of "comparing the relatlve l~kelihoods of a 

number çf alleged sister group relationships. As the 

anamniote tetrapods are the most exclusive taxon that 

lncludes aIl proposed sister groups, it is the appropriate 
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Modifj.cation 2: NotwitQ.standir)9 the legitlmacy of the. 

a n am n i 0 te te t r a p <> d sas the .... o ut 9 r 0 U P , the Inherent 

c ircul ar i ties have not yet been removed. Furthe'rmore i t still 

leaves us wi th a huge and unwieldy outgroup. The tendency for 

the outgroup method to resol ve only tetrapod pl!!s iomorphies 

introduces 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 

of skull fenestration, assume that l issamphibians are a 

natural assemblage, and that the open skull condition ia a 

li ssamphibian synapomorphy, mak i ng zygokrotaphy pl esiomorph ic 

for caecilians and stegokrotaphy derived. The type of 

outgroup analysis advocated here would resul t in the reversaI 

ôf the true polarity, i.e. the closed condition of the akull 

would be taken to be primitive on if11'e basls of the closed 
1 

" (stegocephalian) skull of the primitive tetrapods. The open 

skull condition would be taken as an apomorphy shared between 

anurans and salamanders but not with caecilians. Zygo'krotaphy' 
• 

" 

in caec il ians would be seen as convergent, thereby obscur ing 

the true polarity. For this ueason a caveat is required: no . -
character state ~ ~ designated !! !h! primitive caecilian 

condition .2.l apPlication ~ 1!!!. out"groue !S!! u!!less II i!. 
present, .2!..!.! universal.!~ absent, .!.E .!!! proposed sister 

\ii<' 

groues. In th~ above example the condi tion of the skûl.l roof 

i8 disëlliowed •. This stricture substantially redufes the 

number of characters available for ~'ôut9roup an~iysi8 but it 

la necessary in order to preserve the objectivity of the 
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method. 

In effect, the modified outgroup procedute serves 
t-

only to enumerate four categories of characters (fig. Sa): 1) 

tetrapod plesiomorphies of caecilians shared by all proposed 

sister groups, 2) tetrapod plesiomorphies of caeci 1 ians 

shared by none of the proposed sister groups, 3) 

synapomorphies of caecilians and aIl proposed sister groups 

above the level of primitive tetrapods and, 4) caecilian 

autapomorphies. The types of characters that can be polarized 
\ 

are uninformative in resolving th~ relat:ionships 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 aJ.so explains the necessity 

of 1 iJi ting the number potential sister groups to be 

considered. In Figure Sa, the potential sister groups (A,B,e, 

and 0) are depicted as reJ'resenting a polychotomy. This is 

not an hYPo\hesis of their interrelationships, rather it is a 

graphical convention designating that their interelationships 

are not known. Their true phylogenetic rel ationships can~' be 

a n y po s s i b 1 e p e r mut a t i o. n , a s 1 0 n 9 a saI 1 g r 0 u p s are 

connected, d irectl y or ind iret:tl y, to the ma in ax i s (the 1 ine 

-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 

43 

/ 



) '" 
~ 

"-

0 

/ 
Figure 5. 

) ", 

"0 

\ 

The mod i fied outgroup argument. Taxa A,B,e and 
o are potential sister groups of the ingroups, 
whose interrelationships are unknown. 
A. Characters with the distributions given 
for 1.2,3 and 4 are the only types of 
characters that ctn be po1arized by th:is 
outgroup comparison. N'ote from the 
distribution of character states that tl)ese 

\ char,a~ters have no information content in 
discerning re1ationships between the 
outgroups. OG" outgroup le;. character state in 
stem species of ingrQ,l.lp. 
B • The e' f f e c ton i n 9 r 0 U P pol éf rit Y 
determination ,of the add'i tion of an êxtra 
potentia1 group E. As for A, where E. 
IG=distribution of character sta,tes wit~n 
the ingroup. l'and J(" are a1ternat~ 
apomorphic states of character 1-
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compar lson can resol ve are directly affected by the number of 

potential sister groups chosen. Thes~ are charaetera l, 2 and. 

3 in figure Sa. If an extra unknown group (E) were adqed that 

had the- ples iomorphic state for character 3 (f ig. Sb), then 

character 3 could not be used in the ana 1 ys! S', not bacaue. 

taxon E wou1d be 1 inked with the ingroup, but because on the 
• 

basis of taxon E, character '3 would be discounted cas a 

possible apomorphy of A,B,e and 0 wlth the ingroup, whether 

or not the apparent zero states in E and the ingroup are 

homologous. This ls the sarne argument given earll:·ier fO,r 

disqualifying the character of skull roof condition in 

caecil ians from outgroup comparison. If taxon E (fig. Sb) had 

an alternative apomorphic state of eharacter 2, character 2 

would be disqualified because the condition in the stem 

species of the ingroup could not be discerned. And sirnilarly, 
o 

if taxon E were to fpossess the the sarne apparent apomorpl1'~c 

state of character 1 as found in sorne ingroup members, then 

the apparent apomorphic states (1) would be takep as being 

ho~op1asies and the zero state of the ingroup taken as 

pri~iti~r or not the 1 states of E and the ingroup 

are the resu1 t of common ancestry. 

The foregoing discussion shows that any character for -
t-

which aIl the potential sister groups do not share the same 

character state is to be disqua1ified. The addition of an 

extra potential sister group diminishes the probabi 11 ty that 

this condition will be met by any character. Every character 

for which the condition is vio1ated by the addition of an 

extra sister group is one less outgroup character that can be 
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ut! llzed in polariz!ng ingroup characters. For that reason • 
it ls advisable to restrict the s'et of potential sister' 

groups. 
\. 

In circumscribing the set of potential sister groups, 

, , 

l have relied upon previous hypotheses of caecil ian Î 
relationships. As discussed in chapter l, there are a number 

of studies that document the characters shared between 
'\ 

caecilians and a variety of other tetrapod groups, and 

propose the1r close relationships. AlI of the groups tha t l 

have chosen as plausible sister groups of caecil ians have 

bean 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 anéestral to, or 

the primitive sister group of caecilians. 2) The proposed 

group and caecilians are hypothesized to be members of a 

monophyletic group whose· interrelat~hips are not reso1ved. 

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

sister group of a monophyletic group containing caecil ians, 

where caecilians are the sister group of aIl other members. 

(uniess the proposed group i5 the outgroup that has been used 

for ascribing polarity). The criteria for sister .group choice 

do not imply that -this study intends tÇ) test the relativ,e 

m.rits of a11 previous hypotheses. Ràther, the criteria 

themsel ves were chosen to del imi t the set of groups wi th the 

hiJlhest likelihood of being the caecilian sister groups, 

ba8ed on what is'known of their crania1 anatomy. The 
\ 

arbi trary addition of any ather group wouid tend to underm!ne 
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th~ strangth of the Inference made about the nat1lre of the , 
pr imi ti va caeci 1 ian. 

Congruence Methpd 

The principle of congruence was formulated (although 

not so named) by Kluge and Farris (1969). It claims that 

"[ t] he pr imi ti ve st~e 

of other charafters 

pr imit~ v e' (pg. ~)'. 1 t 
~ - , 

is 1 ikely to be assooiated wi th states 

known from other evidence to be 

i8 considered distinctly less robust .. 
than outgroup comparison and the statigraphic sequence of 

characters by most authors. Although it has fallen into 

disrepute with most systematists (de_JOn, 1980; Stevens 1980 

and references therein), l shall~ulate and amploy the 

congruence principle as a secondary methçd. It~ uti 1 i ty cornéS 

in further refining the reconstructed stem species and in 
~ 

further resolving ingroup re1ationships. It can be used only 

after a stem specjes and, if different, a most primitive 

known ingroup mèmber are designated. As a secondary method it 

can not overturn any polarities arrived at during the 

morphotype reconstruct ion. 

Sporne (1948, 195'6) showed empi r ica 11 y tha t the 

inferred primitive states of characters were significantly 

more 1 ike1 y to be found wi th other pr imi ti ve characters than 
r 

with derived characters. This he called the ·principl. of 

correlation.' Unlike previous authors, Sporne interpreted 

this simply as a reflection of th,e fact that in, any 
\ , 

monophyletic 1 ineage there is at least one m4!mber that 
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possesses on1 y and a Il pl esiomorphies for that l ineage • ... 

Wheress the probability of plesiamqrphies being associated .is . 

a necessary cond i tion of phylogenetic rel ationships and wi 11 

obt~1n in ari monophyletic group, the sarne is not true of 

apomorphies. 

The rationale for employing what l shall calI the 

congruence principle is similar in sorne r~spects to Sporne's 

probability I1ergument. If morphotype construction decisively 

favours one ingroup member as being close to the 

plesiornorphic condition, then the supposition can be made 
~ 

that the character states that it manifests, in addition to 

those reso1ved by stem species reconstruction, are a1so 

primitive. It functions essentia11y by designating the 

morPhoty~ and, if different, the most primitive known member ., 
~-aSl new outgroup and the rest of the I1neage as the ingroup. 

/ It requires the assumption of no transformation betwee~ the 
t. 

morphotype and the most pr imi t i ve known Il member for the 

character in question. In this regard it is as robust ,as 

outgroup comparison. It carries the same assumptions as 

outgroup comparlson and ls underminèd by the same,conditions 
~ , . 

(i.e. that an Inappropriate outgroup' is chosen, that the 

character state in the outgroup is an apomorphy, or ~he 
, 

eharaeter transforms between the outg~ and the ingroup). 

It ia less robust than outgroup comparison only to the extent 

that it involves two Inferences of polarity applied 

sequent:ial1y. The first can be either a stratigraphie 

sequence argument- or an outgroup argument. The second is, in 
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effec t, an ,S!utg roup 

argument, (congruence 

soundness of the •• cond 
t 

id predicated on the aoundn •••. , 

of the fh:st. In 1 ight of th restr ictions placed on outgroup 

compar f sons for there wi 11 be a number of 
, 

disqualified characters that can be pOlarized by th!s mathod • .. 

IV. SUMMARY -

A phylogenetic analysis is perforrned in four stages. 

The assumptions are first outlined. The taxa in question are .. 
divided into characters. The characters are pol~rized • 

. ~ 
Cladistic groupings are then made from the shared 

apomorphies. As such the method of cladistic analysis fits 

the paradigm established by Descartes for conducting 
1 ~ 1 

scienti fic enquiry. .. 
The critic'al stage of cladi~tlc analysis Is that of 

1 

ascribing polarity. The outgroup me~hod and the stratigraphie 
1 
1 

sequence of characters are designated as the correct, methods 

for polarizing ~haracters of instantaneous morphologies. 

Caecilian systematics actually poses two distinct 

problems, one of discerning ingroup relationships 4nd the 

other of determining outgroup relationships. N~ither 

analys'is, ingroup nor outgroup, must be permitted to 

predetermine or presuppose thé resul ts of the oth"r. In 1 ight 

of this, the outgroup method for polarlsing characters 

48 



o 

" 

-0 

, • .. <S"~ "" ,. ~ ... '~~ '~".k"')'~1;\~.J<~1't,'l:':,,,~tJ:P'I~~:1,~"~-·~i,.;~ll:)!)i"'!'.."':'~"I~trl,'":!,:i;,,~n .. ;.t""'; ... ,~~- t';'~.#>~=,"J' :' .. ..-: ." ~7~} ... "'.·~', 
~ " j 1 ;- ,'" ~ l, • ~ • 

requir •• two modifications. In addition, a secondar,y method 
f> 

of a8cribing polarity, the congruence method, is adapted for 

the purpose of reconstructing the putati ve stem species and 

further refining ingroup relatio~ships. 
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1 NTRODUCT 1 ON 

The methods of polarizing characters recommended in 
4, 

chapter two are appl ied to the characters of the èranlal '" 
• 

osteology of caecilians and the proposed sister groups. T e 

phylogenetic assumptions required for 

that tetrapods are monophyletic, and 2) 

employed in the analysis are monophyletic. 

groups 

An inêroduction to the 'anatomy and classification of 

caecilians will be followed by an overview of the anatomy, 

classificatio~ and stratigraphie range of the proposed sister 

groups. 

.!.:. CAECILIANS 

Caecilians are the least well known of the modern 

amphibian orders. They are pantropica1 in~heir geographic 

distr ibution. They -are usual1y fossor ia1 or semi fossor ia1 but 

one family, Typhlonectidae, is entirely aquatic. The body is 

extremely elongate, with a large numb~r of annuli. There are 

no traces of limbs or girdles. The vertebrae are unipartite, \ 

and unique in their possession of paired odontoid-like 

proc::es,es p~ojecting anteriorly from their ventral margins. 
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The highly' derived cranial anatomy ia atructurally and 

functiona11y di vergent from that of any other tetrapods. 

Cranial Anatomy 

Severa1 thorough descriptions of caeci 1 ian craniai anatomy 

are a v a i 1 ab 1 e (We ide r s h e i m 1 8 7 9 ; Mar c use t !.l l 9 3 5 ; 

DeVi11iers 1932, 1938; dejaeger 1938,1939a,b,c; Ramaswami 

1941, 1948 a,bi Brand 1956; Els 1963; Visser 1963: Taylor 

1'969). Straub (1985) gives a condi,se review of the , 
descriptive literature. Thus, l shal1 provide only a general 

overview. 
In genera1 appearance, the caecilian skull is small 

and", terete. It tapers gently anter iorly from i ts widest po int 

a\ the craniomandibular joint, usually ending in a rounded'or 

slightly flattened snout. Loss and fusion of elements ia a 

major feature of caecilian cranial anatomy. The posterlor 

border of the skull table is formed by the large paired 

parietals. There is no parietal foramen. Paired frontals are 

found anterior to the parietals. A mesethmoid element may or 
" 

may not intervene between the paired frontals at their 

anterior extremities. Paired frontals and parietals are 

present in al1 caeci1ians (Figure 6). Here the uniformity of 

the skull roof ceases. The rest of the dermsl skull roof i a 

high1y variable between genera. The anterolateral portion of '. the skull oroof is usually formed by a nasopremaxilla, which 18 

thought to incorporate the nasal, premaxilta (as the name 

implies) and sometimes the septpmaxilla. In sorne genera al1 
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rigure 6. Caecilian skull, dorsal view. 
Gymnopis multiplicata CNHM 15026 
Scale bar:. Imm 
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\three elements are separate and border ,th' external naris. In 

others, the- septomaxilla is fused with the na50premaxilla-ry 

" unit. A combination' of the maxilla and palatine; the 

maxillopalatine, forms the 1ateral and ventro1atera1 (palatal) 

portion of the skull. Fusion of the maxilla and the palatine 

ia universal in the order. Branù (1956) thought that they were 

-discrete e1ements in Sco1'ecomorphus, but this i5 evidently not 

so (Nussbaum 1985). The maxi11opa1atine rnay or may not include 
r:j 

the prefrontal. The p'tefr,ontal, when present, is a larger 
, 

structure than ibs counterpart in rnost tetrapods. Beh1nd the 

~axi116palatine is a large "cheek unit called the ~quamosal. It 

usually r~aches from the parietal dorsally to the ventral 

cheek margin, but there are exceptlons such as Rhinatrema and 
) 

--...Epicrionops (Nussbaum 1979a). The cheek unit is bordered 
c 
posteriorly by a lateral exposure of the quadrate. ' 

A fenestra sometimes inter venes between the squamosal 

and the parietal. It is often quite extensive and in one 

family, Rhinatrematidae, permits the extrusion of the, jaw 

. " . 'adduetor musculature. As wlll be dlscussed, the nature and 
". - . 

significance of thi$ fenestra are the subject of considerable 

controversy (f~g. 6) • 

. The palate of,caeciliàns is highly derived ,i~fig. 7). 

Most conspieuously, there are ~wa weIl developed rows of 

tee th se.parated by a spaee. The late,ral row on the 
o 

ma"xillopalatine and nasoprema~illa corresponds with the 
. \ 

m~:r9inal denti t~on of othex: tetrapods. The inner row, - shared 
"" ' , by the maxillopalatine and \vomer, ls developed to a degree not . , 

52. 
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Caeci1ian skull dorsal view: 
Gymnopis mu1tip1icata CNHM 15026 
Scale bar ... lmm. 
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Caecilian skull, lateral view (Top) and 
posterior view (Bottom) 
As in fig. 6 and 7 
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se en in other tetrapods. The vomers are large, being thf.> onl y 

other dermal 

The internaI 

by the vomer 

elements in the anterior portion of the palate. 

nares are b~dered either by the vomer alone ~r 
and maxillopalatine but are peculiarly located, 

( 

being mesial to the Inner tooth row. The Pt~~ ~i s 

or distinct, the t;·?~\n." variously fused to the quadrate 

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, 

the 0 s' bas ale. The r e ~ r e t '10 0 cci pit ale 0 n d y les. The 1 a r g e 

,., -cultriform pro.cess tapers rapidly anteriorly, usually ending 

i n a p 0 i n t b e t we e n the v 0 mer s. T w 0 1 a r g e f e n s, t r a e 0.", ale 0 p t! n 

laterally on the otic capsules. The stapes has a large 

footplate and a style that continues antcrolaterally to appose 

the suspensori'um. 

The connection of the braincase and the 
, 

dermal skull and quadrate ventrally is highly derived in 

caecilians(deJager 1939c; 1942). A~ synovial joint 

usually exists between the pterygoquadrate (09 pterygoid) and 

the os basale. Another synovial joint occur'~_ bctween the 

quadrate and the distal end of the stapes ~tyle "',(figs. 7 and 
~ 

8). These joints permit considerable mesiolateral kinesis 

be t ween the pos t;; rio r' po rt ion 0 f the c heek and the' bra i ncase 

(DeVilliers 1936; Straub 1985). This type of kinesis is 

-
unique to caecilians. 

The orbit Is sométime8 completely occluded br bone 

( fig .8' ). Wh en, i t i 8 0 pen, i t t sun u sua 1 1 Y 8 malI. 1 t ,i SilO S t 
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T lE h Ion e ete s • s p • A n 0 pen - s k u Ile d , 
caec'1ïran-R'édrawn from Taylor (1969a) . 
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often defined by 'the maxillopalatine or by the 

maxillopalatine and the squamosal. The alternative to those 

two ~tates is the presence 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 tactile organ that exits 

the skul1 usua1ly anterior to the orbite It is a combinatioh 

of the Harderian gland, the nasolacrimal duct, the M~ 

retractor bulbi, and Jacobson's organ (Badenhorst 1978). It ia 
" 

uniqu~to caeci1ians, having no analogue in any other 

tetrapods. 

Another unique, highly derived system is found in the 

caecilian lower jawjjaw musculature complexe The Iower jaw ls 

extreme1y solid, built of two strong bones, the pseudodentary 

and pseudoangul'ar, joined by a long transverse scarf joint 

just anterior to the quadrate condyle. The pseudodentary 

extends posterior1y far beyond the jaw joint l as a huge 

retroarticular process. The process ls often Inflected 

mes i a lly or dor sa Il y (or both). The add uctor chambre of most 

caeci 1 ians is severel y confined by the skull roof. Uniquely 

in caecilians, the gular musculature, the M. interhyoideus 

posterior, augments the standard adductor by pu1lin~ downwards 

(and inwards) on the retroarticular process, cl05ing the jaw 

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

unique gu1ar musculature is frequently quite large and 

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 sui te of features. It var ies 

in its morphology both ontogenetically and phylogenetlcally 

but is fully formed in aIl species. There do not appear to be 

any adequate morphological intermediates between the condition 

found in caecilians and the corldition found in other tetrapodB 

50 it has been difficult to determine in what manner, or by 

what sel~ctive pressure, this system has come about. It lB 

often thought to be associated with the extremely small Bize 

of the caecilian skull. 

The fossil record of caecilians ls meagre to Bay the 
1 

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

1973), and 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 Crecaceous. 

1 must avoid any charges of diÈlingenuousness by stating 

my knowledge of sorne presumed fossil caecilian skuli material 

from the Kayenta formation (Liassic, Lower, Jurassic) of 
) 

Arizona. It has be.::n tentatively identified aa caecilian by 

Dr. A.L. Panchen (Pers. comm.). 1 have seen this material and 

concur with Dr. panchen that it appears to be caecilian, 

essentially modern in aspect. The material has not been ~sed 

here in generating hypotheses of character polaritieB except 

t9 extend the stratigraphie range of the order. BaBed on the 

discussion of the paleontological criterion , 1 consider that, 

11, wh~n described in detail, these specimens wil ~o.v ide 
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indepen~ent tests, Of' 

other m~s. 
" 

Classification 

the character phy10genies derived by 

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 a11ied with fish, snakes (as members of a group 

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

conception ,of the caecil ial1s as a distinct order began with 

the creation of the Order Gymnophia by Raffinesque-Schmaltz in 

1814 (ci ted in Lescure 1985). The name was 1ater emended' to O. 

Gymnophiona by Muller (1831). The recognition of this 

assemblage as a component of the Class Amphibia, as distinct 
, . 

trom the Class Reptilia, followed in 1825 with the pu~lication 

-Of. .. a;-monograph by Gray. In this same work, the first of the 

modern familie" 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 encompassed aIl known forms and in faf~ continued 

as the sole caecilian family for almost one hundted and fifty 

years. 

The modern trend in caecilian classification is marked 

by a proliferation of higher taxa aQd, tax~nomic ranks. Its 

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

t W 0 9 en e ra, l.sh t h.2..2~ll and ~g!..s.!..!.s..!ll!. ' f rom the 

Caeciliidae and uniting them in the new family Ichthyophiidae. 

The family Typh10nectidae was created to differentiate'the 

aquatic forms Typhlonectes, Potamotyphlus, Chthonetpeton and L 
Nectocaeci1ia. Later (Taylor 1969a), the genus Scolecomorphus 

was raised ta the fami1y level (Scolecomorphidae)-. In a 
., 

further study (Taylor 1969b), the ,remain'ing caecil lids were 

divided into two subfamilies, Caeciliinae comprising Caecilia 

and Oscaeci1~, and the Dermophinae encompassing al1 other 

genera. 

Further refinement~ on Taylor's classif~cation scheme 

have been added by Nussbaum (1977, 1979a). Two gener~, 

Rhinatrema and EpicrJonps, were removed from the caeciliids 

and placed in a new fami1y Rhinatrematidae (1977). The ,aize of 

the caeciliidae was further diminished by thé remova1 of the 

genus Uraeotyphlus (Nussbaum 1979a), which was p1aced in the 
1 

family Ichthyophi idae as a monogeneric subfami1y 

(Uraeotyphlinae). This cha~ge required the fot.ation of the 
, -

subfami1y Ichthyophiinae ta accomodate the a1ready existing 

ichthyophiids. These a1terations left the order divided into 

fi ve fami 1 ies, Rhinatrematidae, Ichthyophi idae, Caeci 1 i idae, 
, 

TYPhlonectidaJ, and Scolecomorphidae. Two families are further 

divided into subfami1ies. The Ichthyophiidae contain~ two 

subfamilies, Ichthyophiinae and Utaeotyphlinae. 'l'he 

Caeci1iidae comprises the subfamilies Caecillina. 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 genera (Nussbaum 1985). The subfamily 
1 

Caeciliinae was expanded to include the new genus 
" 

Minascaecil!.! (Wake and Campbell 1983), as weIl as the 

former'ly dermophine genera !:1icrocaeci.l~, ~vicaecil!a (as 

sugge~ted by Savage and wake~72) and the members of the 

invalid genus Copeotyphlus' (Nussbaum 1979b). More recently, 

Laurent (1984') raised the subfamii ies Dermophinae and 

Ca~ciIiinae ta family level, a1though his conception of the 

make up of these two groups differs from that of Wake and 

Campbell (1983). Lescure ~ !l (1985) added a profusion -of 

highe"r taxa in their attempt to generate a cladistic 

classification of the cae~lians. In total, they generated 67 

suprageneric taxa (below the 1evei of order) at 12 different 
1 

"ranks, àll within two suborders • 

. " It ls difficul t to present the defini ti ve c1assi fication 

of an order that bas go ne from containing a single 

suprageneric taxon (one family) to;67 (in 12 ranks) in 18 

years. 1 ha ve "tr ied to adhere to a fa i rI y conserva t ive 

classification system here, one that conforms m~st closely"to 

Nussbaum's (1979a, 1985) and Wake's tl98S), recognizing that 

addi tional refinements are in order. 1 have followed the leî:td 

of Laurent (1984) in treating the Dermophinae and Caeci1iinae 

a~ the family level (Dermophidae ànd Caeciliidae), thereby 

abandoning the original concept pf the Caeciliidae as 

unifying the se groups. They appear to be suff~ciently easi1y 

/l 
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distinguished from one another (Taylor 1969cJ Laurent 1984) 

that this is justifiable. Should they prove to constitute a 

monophyletic group, the y could be aecornrnodated in a new 

... 

Superfarnily Caecilioidea, or resurne their status as .u 

subfamilies of the Caeciliidae. Subsequent studies will 

probably further divide the Family Dermophidae. Additionally, 

1 have taken 1 ieence to treat the subfami 1 ies Ichthyophiinae 

and Uraeotyph1inae as distinct entlties, as have Duellman and 

Trueb (1986) rather than consider them eo1lectively under the 

fam~ly Ichthyophiidae, because the latter subfarni1y had been 

moved ~ masse from one family (Caeci1iidae sensu Taylor) to 

another (Ichthyophidae) (Nussbaum 1979a). 

A1though 1 treat the interrelationships of theBe 

groups c1adistiëally, 1 do not feel impelled to follow the 

convention outlined by Griffiths (1976) and adhered to by Many 

cladists (McKenna 1915; Lescure ~ !l 1985) in which eac,h 

dichotomy i8 assigned a taxonomic rank, either numbered 
) 

(1975), wh i le (Griffiths) or named (MeKenna). MeKenna 

defend~ng'his use of this convention, admits its shortcomings. 

He refers to the "b~9aboo of instability" (pg. 22), me~nin9 

that addition of ,any 
, 

new taxon requires a complete 

,rearrangement of ~he classification scheme. He also aamits to 
J 

the'" necessary pro1 iferati'on of taxonomie ranks, ':bu~ lB rather 
, . 

more sanguine lban Panchen (1982) about the actual numb.~ 

required. My opinion on this'issue- is that if thé primary 
1 , 

funétion of classification (in contradisti'netion to phylogeny 

,reconstruction [Ki tts 1978]) is one of information storage and 
- .' 

rE':trieva1, the pro1ifer~tion ot redundant taxonomie ranks is 
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TABLE 1 

CLASSIFICATION OF LIVING CAECILIANS 

FAMILY CAECILIIDAE (24 genera) 

SUBFAMILY CAECILIINAE 
Caecilia 
Microcaecilia 
Miaascaecilia 
Oscaecilia 
parvicaecil i a 

SUBFAMILY DERMOPHINAE 
Afrocae§jJlia 
Boulengerula 
Brasiiouyphlus 
Cryptopsoph i s 
Dermophis 
Geg!neophis 
Geotrrpetes 
Grand sonia 
Gymnoïis 
Herpe e 
HaïogeOPh i s 
1 ocranium 
1 ndotyplll us 
Luetkenotyph 1 u s 
Mimoslphonops 
praslinia 
Pseudosiphonops 
Schlstometopum 
Siphonops 

(5 genera) 

(19 genera) 

r 

FAMILY ICHTHYOPHIIDAE (3 genera) 
SUBFAMILY ICHTHYOPHIINAE .( 2 gener a) 

Caudacaecilia 
IchthyoPhis 

SUBFAMILY URAEOTYPHLINAE (1 genus) 
Uraeotyphlus 

FAMILY RHINATREMATIDAE 
E~icrionops 
R inatrema' , 

(2 genera) 

59 f. 
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PAMI~Y SCOLECOMORPHIDAE 
Cr otapha t rema 
Scolecomorphus 

(2 genera) 
1;.. 

FAMILY TYPHLONECTIDAE (4 genera) 
Chthonerpeton 
Nectocaecliia 
Potamotyphlus 
Typhlonectes 

-SOURCES: Nussbaum 1977, 1979a,b 1985 
Taylor 1968, 1969a& 
Savaga and Wake 1982 

o Wake 1985 
Wake and Campbell 1982 
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Figure 10. 
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'\ 

Two CUr~lY accepted lngroup phylogenlea 
of the caeci1ians A. from Nussbaum (1979). B. 
from Duellmanm and Trueb (1986: 466) 
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- unnecessarily cumbersome •. A classification of 1:aeciliana ia 

~i~en in T~b~e 1. . ") • ' ~ 

.-
Skul,! ~ Controversy 

-
A brief discussion of a current controversy in caecilian 

\s~stematics will serve to i11ustrate ·the· importance of 

discerning th~ primitive from the derived features of the 
• 

caeci1ians. The inability to distinguish .~r~mitiv.e ~rom 

derived is an impediment not only to an understandi~of 

ingroup relationships, but also to outgroup relationships. 
, '" 

. The ~ j 0 rit Y 0 f pre v i 0 u s st u die s 0 f c ae cil i a n 

'systema~ics di~cuss the structure of,the skull roof as an 
. 

important 'character O:A. sui te of, characters. 'Phe skull rf,?fs 

of anurans, urodelèà ana "lysorophoids are widely fenestrated ' 
... ~ Cl, \" \ _ ~ \. 

(gymnokrotaphic)~ In-li~ing·forms the fenestrations of the 
. - \ . 

skull permi t 'the 9~p.ansion· ôf Othe adductor musculature of the 
iii 

lower jaw throu'gh.the.akull roof. It is presumed a1so to have 

been the condition,in lysorophoidS (Wellstead 1985). 

Microsaurs and nectridians, like primitive l~yrinthodonts, 

have solidly c10sed (stegocepQalian) skull roofs. 

The caecilian .skull roof exhibits variabi1ity in thls 

Î':spect .• An ,open skull condt-ti~ (~gOkrotaPhy) oiS :ound in 

. four ou!" of the. fi ve current1f r~9nised fami 1 ies (Nussbâum 

1979a) (fig. 11). The closed sku11 roof~stegokrotaphy~ la 

o~or~ wtdel y distr ibuted among genera. When present, the 
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, 

Open-skulled (ZY9~~rotaphic), caeCil~ns. A. 
Epicrionops, a rhinatrematid. \ 
B:Scolecomorphus, a scolecomorphid. ,C~ 

. Typhlonectes, a tYPhlonectid. A redrawn from 
Nussbaum (1977), B ~nd C redrawn from Taylor 
(l96'9a) • 
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fenestration occurs between - the parietal and ~'tf\J~mosai uni ts., 
\ l ~ 

In al1 .8te90k,r<?tap~ic caeci,lians 'the pariet~l-squamosai 

suture i8 weak (Wake and H~nken 1982). There are intermediates 
~" ,-' "1\'::" ') 

betw$en the typical zygokrotaphic and~ s't'egokrotaphic .. , , . 
conditiôns. The presence of the closed SkUll'\\~OOf g,cndition 

has '"be~n adduced ~s evidence o~ caecil ian relationships to the 

microsaurs (Romer 1945; Gr~gory et al 1956; ~chma1hausen 
--- ,Ci 1 

1968; Carroll and Currie 1975)., ~ttern~t'ively, ,the ~1 

roof has' been c-it'ed" as evidence of the re1ation~; of 
( 

caecilians to anurans an.d ùrodeles (Parsons and Williams 

'1963; Nussbaum 1977; -l979a) and to lysorophoids (Mood ie 1909; 

Eston 1959; and Nussbaum 1983). Clearly it is important to 

determine the polarity of the skul1 condition' in caeci1ians' 
, 

,bef.@re i t can be uti 1 ised in ascr ibing relationShips' of the 

~ group. The structure of the sull roof in 1 i v ing amphibians 
.. J 

ia of'considerab1e systematic and functional,signifiC'an'ct1! 

(Carroll. a~d Holmes 1~80); -i ta impl ications for thè taxonoriiy, 

and ..... functional morphology of ca'ecilians will bEt d,iscussed in 

somé "deta il • ... 

• 
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~ ~P~RO_P_O_S_E~D SISTER GROUPS 

Th'e criteria for the choice of the potential eister 

groups of caecilians were çut1ined in, chapter twO.'The purpose, 

lof establishing these criteria was te delimit the set of 

probable potential si'ster groups, while al: the same time 

excluding unlikely groups from the analysis. The gr~ups that 
~ 

meet these criteria are the a!stopods, nectride,ans, 
1 

lysorophoids, gymnarthrid and goniorhynchid microsaurs, 

dissorophid temnospondy1s, anurans and urodeles. 

A!stopods 

The a!stopods are the oldest of the lepospondyl groups. 

" T-he ~arl,iest -known member dates' from the Visean of SC,ot1and 
" 

ca. 340 ma. (Wellstead 1982). The most recent""'a!stopods have 
9 

,~een 'founc:3 in the Lo\tler Permian of North Amer Ica (Arroyo 

for,mation ca. 27~ ma). Although th'ey are represented by only 
. 

f i v: e 9 en e ra, the r e i sac 0 n s ide rab 1 e d i.,.v ers i t yin c r an i a l 

an'atomy 'within the order (fiq. 12). The fi've genera are , 

distributed into three famil,ies: Lethi'scidae (Wellstead 1982) 
. 

c-ompr'ising the' Visean qenus Lethiscus, Ophiderpetontidae 1 
a 

,which, wh~le containing only one,genus, probably encompasses 

most'of the known specimens, and Ph1egethon~lidae, which 

cur~ently contains three genera, Phlegethontia (includ~n9 
'.. " ... \ 

Dolichosoma), Aornereeton, and' Billerpeton (Lund 1972);' 

621' 

• 



~~ ... 

{. 

!'igure 12. 

o 

r' 
~~ ~ ._, 
~ .. -, 
~<,. 

J 
,. 
tt~ 
~I' 

'~r , 

r. 
• 

i~: t 

-{l-" 

, 
! 

L l' 

" 
",. 

~,r w 

f 
""~ 

~; 

~rI 
:\.~ 

( 
$ 
~~ 

~;;. 

L 
~~ 0' , 
~ "Ill , s ,JJr.l ~ 
Iii 
1>' 

f-

i: " 

~~ he-. ., ~ •• 1. •• t _. ~.' '"" . • .l1', . .'. "\ •• ". . "'- ~ 

, ' 

A!stopod skulls. Top left Lethiscus, dorsal 
view (Redrawn from We11stead 19821. Top 
right Phlegethontia, dorsal view tRedrawn 
from McGinnls 1967). Bottom Ophiderpeton, 
Redrawn from Bossy (1976). 
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Afstopods have a generJl appearance not unl'ike 

caecil{ans. They are limbless and.elongate, sorne with 100 or 

more vertebrae. Most of the characters that diagnose the 

group are postcranial. "'eaird (1964, 1965) 1 ists six common 

e1ements of the rib, vertebral and hyoid structure that unite 

aIl genera. A general description of th~ features of the 
\ 

.0 

skull is possible despite its variability between ,genera. In 
) 

palatal or dorsal view it describes a long isosceles triangle. 

with its apex anterior. The chéek region is fenestrated in 

a11 genera but the ventral margin is complete. The skull roof 

of Lethiscus exhibits a full complement of,'circumorbital 

bones as weIl as distinct parietals, supratemporals, tabulars 

a,nd a large median postparietal. The palate and the 

braincase, as inferred from X-rays, appear similar to the , 

'primitive' tetrapod condition as seen in ea.rly temnospondyls 

(WeIl stead 1982). 

The crania l structure of the better known fami lies 
, 

Phlegethontiidae and Ophlderpetontfidae is divergent from that 

of Lethiscus. The skull of Ophiderpeton is considerably 

narrower than that of Lethiscus or phlegethontiids. The 

qu,adrate condyle Is in the primitive tetrapod locat'ion, 
• 

apprpx1mately at the l&vel of the occiput~ or slightly behind 

i~. The orbits are exceedingly small and are located 

crelatively far forward in the skull. TheI:e appears to be' a 
~ , 

full complem~nt of circumorbital elements. The cheek i5 
, ." < 
elongate and widely fenestrated • It is fairly apparent from 

'the numb~r of small qsteoderms that cover the opening that the 
l 

jaw adduetor musculature did not extrude t\hrough the cheek 

63 ,. 
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(Bossy 1976). The braincase,~to the extent that It: ls'known, 

ïs of the primitiv~ tetrapod type. The cu1trlform process is 
• tK 

long and slender and the interpterygoid vacul ties are narrow. 
o 

By far t,he best ,~tudied al'stppod g.roup ls the 
, 

Phlegethontiidae. The ph1egethontiid sku11 ia marked by the 
• 

10ss and fusion of i1ements, particu1ar1y in the posterior 

portion. 

disputed. 

SO); of the designations of the sku11 elements are 

l have chosen to fo14ow primaci1y McGlnnis (1967). 

The fronta1s arê usua11y fused, bi1atera11y, and send two 

posterior1y directed 1appets to surround the parietal foramen, 

when present (S'teen' 1931, 1938). There is no distinct 

parietal. 
(1 

l t i s - us u a 1 1 Y ta ken t 0 b e fus ed t 0 t h~" f r 0 nt a 1 

(McGinnis 1967), or to be incorporated into the roof of the 

braincase (Gregory 1948: Turnbu11 and Turnbu1.1 1955).,There 
, ", 

are no e1ements behind the parietal. There is a largè cheek 
~ . 

f e n est rat i dn b 0 rd e r e dan ter i 0 r 1 y b Y the po S t f r 0 n t al, 

postorbital a.od jugal (but see Lund 1972), ventrally by the 

jugal and quadratojuga1, and posterior1y by the squamosa1. The 

squamosal has a unique triradiate structure and is thought by 

Lund (197(> to have been high·1y kinetic. The craniomandibular 

joint is c5>nsp,icuous1y anter10r1y.QLocated, being' juat anterior 

to the foremost portion of the anterior semicircular canal • 
• 

The lower jaw iri ~!stopoda has two compound e1ements that meet 

at a large, obI igue scarf joint. 

The description of a1stopod braincase structure la taken 

from the phlegethontiids. ~ single beautif",lly preaerved 
, 

specimen from the Fo~ Sl1'1 locality la descri'bed by McGinn! • 

.. 
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c 
J(l967) (fig. 24c). The braincase has undergone· complete 

fusion. Its occ~pita1 surface is unique in possessing a 

single, we1l formed notochorda1 pi t as the craniovertebral 
~ 

joint. The fene~trae ovale are extremely large and open 

- " ' ventrally. The phylogenetic affinities'of a!stopods are 

puzzling. Most authors have refrained from allying them with 
~ -

other groups. Apart from being associated with the caeeilians 

(Mareus ~.!l 1935; ând in part G~rdiner 1982), they were 

considererd by Romer to be related to lysorophoids (Turnbull 

and Turnbull 1958). Bossy (1976) considered them to be 

elosely related to the nectrideans. 

Nectrideans 

Like the a!stopods; nectrideans are eharacterised 

r largely by posteraniaf features. There are elaborate neural' 
~ 

spines on the vertebrae, with aecessory articulating 

sur faces. The most di st'i ne t i ve fea ture .. i s the 1 arge haema 1 
, 

< spines on- the caudal verte,brae that; attaeh to the middle of 
"-

the centra and elosely' resemble neùral arches. The presacral 
. .... 

series is relatiyely short for sma1l Paleozoic amphibians. All 

have fewer thân twenty seven presaeral vertebrae. The 1 imbs 
ot> 

are diminutivj' prompting suggestions that they were aquatie. 

Nectrideans range i..n ti,me from the lowermost Pennsylvanian 

(Westphalian A ca. 310 ma) 
'iL 

to the Lower Permian. In aIl, 
. 
fourteen genera are grou~ed into three familJes. They are 

generally small skulled, stegocephalian amphibian~. The 

pattern of dermal bones of the 'sku1l roof usually approximates 

th~ primi~ive labyrinthodont arrangement, thQugh there is 

65 
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appreciable variation between the three families (fig. 13). 

fe~haps the MOst pJ:irnitive fami'ly ia the Urocordylidlle.' 

It contains six genera split evenly into two informal 
, 

subgJ:oups, one ch~9teri zed by the genus Saurop!~, the 

other by Ptyonius. The skull of Sauropleura is extremely long 

anteroposteriorly, whereas that of Pt~onius is somewha't 

shorter. The snout and skull roof are thollght ~o hâve been 
" 

highly kinetic (Milner 1980). 

The little known family Scincosauridae appears to \j)e w 
~ 

intermediate between the urocordylids and the high1y derived\ 

keraterpetontids."Scincosaurus has a relatively stout skull 
j~ 

that expands slightly posteriorly; There are neither. 

suprâtemporals nor postparietals so the sku1l is bordered..-

pO'llteriorly by the parieta1-s. Scincosaurus has unusually well .. 
} 

developed limbs for a nectridean. It was probably terrestrial. "t. 

Keraterpetontids include the 'classiè nectridèans', 
. 

. .. 
characterized by the dorso~entrally flattened skull with 

elaborate extensions of the squamosal, a,nd ~abular (called 

'tabular horns"). The orbits ar·e small, and located far 

forward in the skull. The palate of 'lat.eJ;' keraterpetontids 

(except Batrachiderpeton) fs derived relative to that of 

urocordylids in having large interpterygoid vacuities. The 

moveable basi.crariial art.iculation becomes fused. The 

c·raniomandibular joint is far"fo-rward, the mandibles Ihort. 

Some possess a dorsally i9flected retroarticular procesi 

(Milner 1978). What i8 known of the braincase sU9gests that it 
) .. • • 1 

\ 

conforms to the' type found in ear 1y labyrinthod0r:tts, such 'al 

) 
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Figure 13. 

, 1 

. ~ ',. _ i ,Y.~ ... ~:: 

r 

Nectridean skulls. A. Top: Ptyonius d01:sal and 
palatal view. Bottom: Sauro leura ( adult) and 
palatal "( uven a). From Bossy 
1978. B. Top: Scincosaurs dorsal and palatal' 
views (From Milner 1976). Bottom: Diploceraspis 
dorsal and datail of palatal viaw (From 
Bearbower 1965) Scale bar = lmm 
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colosteids. There are however minor exceptio'ns. The bast known 

braincase materia~ is that of\~he highly specialized 

keraterpetontid E..!.E!ocetaspis. Most braincase observations 

will be taker1 from th'is .descripti~n (Beerbower 1963). 

The relationships of nectrideans are enigmatic. They 

display a number of highly spEJ~l.al i zed features, such as 'the 

kin~siB of ~~e urocordylid sku1l'roof and 'the tabular horns of 

keraterpètontids, superimposed on an essential1y primitive 
... . l ~ . ' 

t~~apod patter,n of the sku1'1. They have been associated with 

th~ ~thracosaurs (Romar 1945) on the basis of,the contact of 

" ' the tabular with the parietal. They have a1so been allied with 
J. 

temnaspondy1s based on the structure of the pa1ate (Smithson 
, / , 

1982). Schma1hausen (1968) associates the nectrideans with 
f , 

a'1stopods, as do Ga!=diner (1982) and t'hÔInson and Bossy (1970), 
... 
and points out that these two groups were thought by Marcus et -

"" !l (1935) to comprise a monop~yletic group with caecl1ians. It 

is significant to note that in Parsons and Williams' (1963) 

proposa1 of 1issamphibian monophyl.y, their presumed 

'protolissamphibian' ancestor was claimed to resemble 

Scinosaurus more c10se1y than any other 'known Paleozoic 

amphibian (Bos~y 1978). Schmalhausen (1968) notes tnat 

certain authors have hypothesized nectrideans as possible 

ancestors of urodel es but does not cite any stud les 

speci fically. 

.. 

L)'sorophoids 

The'lysorophoids are another discrete group of Paleozoic 
( - '-

amphibians. Like the a!stopods they have elongate bodl •• 

, .. 

,' .. ~ 

,. 
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.0 and~lo8;onyloua vertebrae. They range in time from the mid

pennayl vanian (Westphal ian D) to the· Lower permian (Wellstead 

1985.,. 

""" In a recent ta]Conomic rev ision Well stead (1985), 

recognised four genera Biachydectes, P!europtyx, Lysorophus, . 
, 

Morpholggically, the lysorophoids are less diverse than 

a!stopods and nectrideans (fig.14). 

The lyaorophoid skull is distinctive in the structure of 

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

lacking postorbital bones and ventral margine The braincase 

and otic capsule are clearly visible in lateral view. ~he 

auspensorium ls an anteroventrally sloping pillar comprising 

three bones: the tabular (which has been called the 

supratemporal by' Sollas (1920) and Bolt and Wassersug (19,75t) 

. and the squamosal, and the quadrate. The tabular and 

squamosal form the o~ter surface of the pillar and surround 

the quadrate for most of its length. The craniomandibular 

joint ls located far anteriad of the occiput~ As Wellstead 

(1985) points out, it ls anterior to ~he basipterygoid 

proeess • 

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 laterai border of frontals and parietals. Host of either 

posterolateral corner of the skull roof is occupied by a 

large postpariet~l (alternatively labelled the supratemporal 
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Pigure 11. 

\ 

1 

Lysorophoid skull. Braehydaetes (Redrawn 
from We11stead 1985). Bar equals l cm. 
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Bolt and Wassersug (197~». A large supraoccipital element 

~x~ends up from the border of the .foramen magnum onto th~ 

dors~l surface of the skùll .and in~ervenes between the two 

postparietals. .. 
wi'th the exception of the basisphe~oid, all the elèments 

of the primitive tetrapod braincase are distinct in 

, lysorophoids. T~e occipital condyle is a convex strap shared 

by the basioccipital and the exoccipitals. Separate 

pleurosphenoid and sphenethmoid elements are apparent. 
l..

ls The pa 1 a te i s h igh 1 Y .der i ved. The ectopterygo id 

absent. The maxilla ls very short. There is a well developed 
\ 

FOW of teeth on the large vomers. The vomers are in contact 

medial1y throughout most of their length. The parasphenoid, 
. 

which presumably incorporates the basisphenoid, is a.wide, . 
flat structure in palatal view, that tapers gradually antefior 

to the basipterygoid processes. The ~\terygoids are small and 

closely appressed to the lateral margins of the parasphenoid. 

There is no appreciable interpterygoi&vacuity. 

The mandible is very short ~ith a correspondingly 8mall 

retroarticular process. The dentary, surangular, and angufar 

surround a large lateral mandibular fossa on the outer 
. ! 

surface of the mandible. 'rhe rnesial surface ls made u.p of a 

prearticular and a single splenial (W~llstead 1985r. 

Like the previousl~ ~i~scussed groups, lysorophoid 

relationships are difficult to determine. Wellstead (1985) 
. 

associates them with the microsaurs on basls of the structure 

, of the craniovertebral joint. They have also been sugg •• ted 

as urodele a~cestors (Schmalhausen 1968) and as relative. of 
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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. Positively 

identified specimens range in time from the Lower 
. 

Pennsylvanian, Wes~phalian B (Joggins, Nova Scotia) to the . 
Upper Permian. generally with elongate 

:: 
They are sma 11, 

, \ 

presacral vertebral columns, and have small limbs. There are 

exceptions however. Sorne microsaurs approach the appendicular 

and vertebral proportions of early reptiles (Gregory.1965i 

Westo11 1942, 1943; Romer 1950). The most thorough review of 

microsaur anatomy and phy10geny 

and Gaski1l (1978). 

to date is that of Carroll 

Microsaurs ~xhibit considerable variation in skull 
. 

structure ,(fig. 15). The skull r"oof is essentia11y pr imi ti ve, 

re.taining the~ closed condition and a number of origina,l . 

elements found posterior to the parietal in early tetrapods. 

Carroll and Gaskill '1978) recognize two suborders, the 

, Microbracomorpha and the Tuditanomorpha, differentiated by the 

expansion °Of the parietal tMicrob~aOhomOrpna) or the 

postorbital (Tuditanomorpha) in'to' the area primitively 
. 

occupied by the intertemporal. AlI prevjous qypotheses'pf 

micrdsaurian affinities with caeci1ians, except one; have 

Identified a single fami1y~ t~e ,Gymnarthridae, as the MOst 

likely ancestor. The single exception is that of'Carroll and 
( 
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Figure 15. 

/ 

t .'" , a, 

Microsaur skulls. A. Cardiocephalus. B. 
Euryodus. C.- Rhynchonkos. (Redrawn from 
~arroll and Gasklil 1978). Not to scale. 
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Currie (1975) who proposed the monotypic family 
1 

Goniorhynchidae as the Most appropriate ancestral familY. 

Whi le there is no assurance that microsaurs as a whol.

constitute a monophyletic group, cladistic analysis O~h. 
tuditanomorphs has shown quite convincingly that the 

Goniorhynchidae and the Gymnarthridae are monophyletic 

(Schultze and Foreman 1981). This study will restrict the 

discussion of microsaurs to -the GymnarthridjGoniorhynchid 

complex as it is a natural assemblage, and the only microsaur 

group' that has been proposed as caecilian ancestors. 

The goniorhynchids and gymnarthrida encompass ten genera 

rangi~g in time from the. t.ower Pennsylvanian tp the Permian. 

The Goniorhynchidae conta i ns one genus, Rhynchonkos. The 

gymnarthridae compri~~ nine. A large tabular occupies the 

posterolateral corner of the skull table. In palatal view, the 

paraaphenoid ia a large'structure that tapers quite rapidly 

anteriorly. The dermal bones of the palate are primitive in 

their"" arrangement, except for the rather 'wide V-shape formed .. 
by the mesial margina of the pterygoida which accommodates the 

" 

tapering braincase. There ia an inner row or ahagreen of small 

palatal teeth para'llel ing the'9marg inal denti ton. The lower jaw 

is· subterminal, and the craniomandibular jôint ia distinctly 

anterior to the occiput, with the exception of. EUr)OdUI and 

Pa,rioticus (Schultze and Foreman 19811.;".The parietal' foramen 

ls lost in members of the genera Euryodus, Pariotichul, and 

Cardiocephalus (see Carroll and Gaskill 1978, Pig_ 31; Btoil! 
i 

1904 Plate 6 Fig. 5-5a). , 
The best known brainc~se, is that of, Rh~nchonkol.· It i. a 

11 
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well ossified~ structure that includes'al1 primitive 

occipital arch and otic capsule elements of the prtmitve 

tetrapod skul1. RhX!.'!.Eh.2~! a10ne has a very small 

supraoccipi tal -bone (Schu1 tz~l"'and -Foreman 1981). Carroll and ... 
l-

Gaski 11 e 197 8) iden t i fy a 1 arge pl eurospheno id el ement 

anter lor to the foram~ for ~erves V and VII. ., 

The postcranium\,:-of Rhï.!!~h.2.!!~! is incornp1etely 

preserved, but that of typica1 9ymnarthrids is long (>30 

~ 
presseraI ver tebrae) 

~ 
(Carroll 1965; Carroll and Gaskill 

1978). The limbs are diminutive. \ 

Like the other lepospondyl groups, microsaurs have been 
p 

linked with a wide variety of tetrapods. They were origirally 

thought to be reptiles, a ~upposition that has t,ecurred in 
, • r 

the 1iterature (1948, Westoll 194-2a, b; Gregory 1965, but see 
l 

Romer 1950 and Baird 1965; Carroll and Baird 1968). They hav'e 

also been associated with two other lepospondyl groups as yet 

unmen-tioned, the adel ogyr in ids and the acheronti sc ids. Romer 

(1945) considered microsaurs to be related to ,lysorophoids 
, , -

~nd to be ancestral' to urodeles. Carroll ~ and Holines (1980) 
\ 

have propôsed the derivation of urodeles from tuditanomorph 

microsaurs, but not C specifically 
... -

gon 10rhy~h id/gymnarthr ids. Weil stead (1985) and GrE!gory ~ .!! 

al (1956) suggested 1ysorophoid-miérosaur a'ffinities. Whi le - Il 

the Wellstead did not spe.cify a particular microsaur family" 

Gregory et al singled out the gymnarthrids. They hav~ been 
--- --- t 

considered derivatives of both major labyrinthodont groups, 

anth!4kosaurs (or "batrachosaurs) (S~hUl tze and Poreman 19~. 
... 1::. 
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and temnospondy1s (Smithson 1982). 

Dissorophidae 
) 

The dissorophids are a group of Pennsylvanian to 

Lower Triassic tem.,nospondyls amphibians. They are generally 

small with dermal armour. There are usually taken to be twelve 

t99nera. In addition,' BO-lt (1969) describea a very simflar 

temnospopdy1, .!2.2leserpeton, which he placed in a new family 

D01eserpetontfdae. The Do1eserpetontidae was presumed to be 

very closely.related to the dissorophidae. It is .elpparent in 
~ 

1ater works, however, that", BoIt, (Bolt and Lombard 1985) 
. 

considers Do1eserpeton to be a member of the Dissorophidae. 
j 

-The two most completely described genera ... are Tersomiu.s 

(Carroll 1964) and Do1eserpeton (Bo1t 1969, 1977) (fig. 16). 
J 

Most of the characters will be taken from the descriptions of 

" the se two genera. 
.:r 

One of the most str i king fea tures of thi s group i s the 
~ 

presence of a presumed otic notch. Doleserpeton haa a small 

rod-like stapes directed towards the squamosa1 embayment that 

probab1y acted as an impedence matcQing device, very similar 
4 

in i ~s structure to tha t found ~n most frogs. 

The s k u 1 1 r 0 0 fis -c los e d ; there i s Ino cheek 

fenestration. The interpterygoid voduities ~re extremeley 
,; 

wide. The cultriform process ia long and narrow. An • , 
• 

ectopterygoid ia present 
.J 

in Tersomius and most other -------
dissorophids, 'but i5 lost in ~es'erfeton. Th~ presence of , 

pedicellate tee~h in DOleserpeton was cited as possible 
.. 
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Figura 16. 
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/' 

Dissorophids. Top Doleserpeton. (Redrawn from 
Bolt 1969). Bottom Tersomius, palatal view. 
(Redrawn from Carroll 1964). 
Bea 1 e bar = Imm. 
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evidénce of lissamphibian relationships by Bolt (1969, 1977). 

The re1ationships of the' dissorophids among the 

temnospondy1s is not known. They have often been cited as a 

plausible sister group for anurans (Bo1t 1977; Lombard a,nd 
, 

Bolt 1979; Bo1t and Lombard 1985). They h~ve a1so Leen 

proposed as a possible sister gr~of the 1issambphibia ~ a 

who1e (BoIt 1969; Rage and Lescure 1984) • 

• 
Extant Groups / 

The living groups are genera11y better known than the 
1 

--Paleozoic 1ep'Ospondy1s. Bath the anurans and the uro~e1es 
\ 

encompass a large amount of anatomica1 variation. Howevei', as 

the ear1iest fossil record of caeci1ians predates tha~ of 

urode1es and is c~ntemporaneous with that of frogs (Liassic), 

it is po~sib1l~to 'use only the primitive states of characters 

'for anurans and urode1es. There are a number of a1ternate 

ingroup phy10genies for anurans (see Inger 1967; Kluge and 

Farris 1969; Oue11man 1975) and for urode1es (Hecht and 

Edwards 1977; oue1~n and Trueb 1986 and references. in both). 

For ei ther order, ~here there is a general consensus on the 

primitive state of a character between authors, the 

plesiomorphic condition will be taken as representative of 

that group. 

Anurans 

Anuran ingroup relationships have been reviewed 

extensive1y, particu1arly during a period fro~ the. ear1y 

1960's to the roid 1970's. Unfortunately, few if any of these 
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relied to any great great extent on cra~ial anatomy. Griffith. 
, 

(1963 : 247-8) in fact decr ies the "taxonomie unrel iabi l i ty of 

os~rani~l 

ph~y. 

characters" in his discussion of salie~tian 

There are currently 339 recognized genera of frogs, 

divided into twenty two families, one of which, 

Paleobatrachidae ,is wholly extinct (Due1lman and Trueb 

1986). The earl iest known true anudm, ~Vie~ael.!!., dates from 

the Lowex: Jux:assic (Liassic) (Estes and Reig 1973). It has 

been placed in the family teiopelmatidae (Duellman 1975) with 

the genera Leiopelma and Ascaphus. 

The most conspfcuous osteocranlal character of the 

anurans Is the fenE:}stration of the cheek and skull roof 

(figs. 17 and 18). Frontals and pari~tals are fused int~ a 

single frontoparietal. The skull roof possesses none of the 
o 

postparietal series of dermal elements found in pr,imitive. 

tetrapods. The wide cheek fenestra is bordered poste~iorly 

either by the paroccipital process of the otic capsule or by 

the squamo sa 1. The ven tr a 1 cheek ma rg in i s complete. Ther e 

rnay or may not be a disti'nct quadratojugal. The dermal 

palatal elernents are much reduced and there is a wid,§!I 

interpterygoid vacuity. The vornefs are highl,y -variable in 
\ " 

siie and shape (Griffiths 1963), but constit~te the major 
( 

port~on of the anterior derrnal palate. The palatine is either 

small or absent. When present, i 1: does not contact the 

pterygoid. 'The pteryge>ids are small, usually triradiate 

structures, one rarnus extends to thé suspensorium, an~ther 
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.t\nurans. Top and Bottom R,ana catesbeiana. Rm 
uncatologued. Sc4Ïë equals lem. 

t:r~) , , .. 

MiddleLeptodactylus. (Redrawn from Trueb .1913). 
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Figure 18. The primi t ive anuran Le lope 1ma haml 1 toni 

NMNS 29597-5; lc!ft palatal view, right 
- 'dors,al view. oarse stippling denotes cartilage 
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CI 
meets the maxilla, and a third, if present, extends toward 

the otie eapsu']..e of the braincase. 

The brainease is a unified structure. It is ess~ntially 
Q , 

.. T-shaped in palatal view. The 'spar' of the T is made up of 

the cultriform proeess of the parasphenoid, forming the 

ventral surface of the brainease, bordered on either side by 

a ventromed ia l extension of the sphen,ethmoid. The ar'ms of the 

Tare formed by the laterally exparlded otic capsules. The 

otic capsule comprises the opisthotic, which is 

indistinguishably fused to'the exoccipital and the large 

pro~tie. The pro~tic and opisthotic are often 

indistinguishab1-y fused. There is usually' an impedence 

matehing ear involving a long slender 'stapes and plectrum • 
./ 

Anuran teeth are pedicellate (except in Xenopus) when' 
, 

they are present. The lower jaw contains two (mostly) dermal 

--

elements, the dentary and the a~gulosplenial, a,s weIl as an 0·0 

• ~j< 

ossification of Meckel's ~artilage, the mentomeckelian, at ~he 

mandibular symphy~is. The hyolaryngeal apparatus is a highly 

derived and variable structure. The foregoing brief attempt ~o 
.. , , 

eharaeterize the anuran skull bel ies the wide range of 
~ 

anatomieal variation within the group (see Trueb 1973). 
, , 

There is slightly more general agreement on the oùtgroup 

relationahips of anurans than there i.s for the other groups 

eon.idered. They are most comm9n1y a1lied with the urodeles 

(Eaton 1959), or with urodeles and caecilians (Gadow 1901; 

Parker et al 1956; Parsons- and Will iams <-
Lombard and BoIt 1979; Gardiner 1982), 

, 

1963; Cox 1967; 
o 

although to my 

knowledge, anuran/caecilian rel~tionship exclusive of the 
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urode1es has never been proposed. Whether or nat aSBociated 

with salamanders or caecilians, they are usually perceived to 

have been der i ved from temnospondyl 1 abyr inthodonts. Among 

the'hypotheses considered here, it is only those'of Gadow' 
. .-' 

(190l~, Cox (1967), and Gardiner (1982, 1983) that do not 

permit the direct descenr of anurans from temnospondyls. The 

reason for the concordance~ presumably, ls the existence of 

what are ysua11y taken to be morphological intermediates 

b e t we e n te mOn 0 s po n d y 1 san à, , a n u r ans. Triadobatrachus - .... -----------
(Protobatrachus) o~ Madagascar is considered a proanuran and 

shows a number of typically temnospondyl features (Piveteau 

1937; Watson 1940). It has been proposed as a morphologiea1 
). 

intermediate between anurans and 1abyrinth~donts (but see 

Heeht 1962, 1963). A credible argument is made by Bolt (1969, 
, , 

19.17) fo.r the',evolution. of frogs from a .!2.2.1eserpeton or -•• 1 

T'~somius-1ike ancestor. 
• L \ . -

-, 

Urodeles 

There is considerably" 1ess agreement over the 

relationships of"the urodeles. There are currently 96 

recognized genera, 34 o~ whieh are extinet. They are arranged 

in 13 families, four of which are who1ly extinct. The 
1 

e~rliest known salamand~is Karaurus from the Upper Jurassic 
'" • D 

of the UsSlt·- (Ivakhnenko 1978) 
1 P ... cJ" "'1 ~ , • 

.tike tn.' anurans, urode1e cranial anatomy can be 

characterized quite easily" but it must be recognised that the 

d\ 
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urodele 'baupliiSn' incorporates a wide range of variation. 

Urodele skulls are marked by the po'ssession of significantly 
~ , 

fewer distinct elements, botl'~ dermal and endocranial, than are 

found in primitive tetrapods (fig. 19). The temporal region 
, 1 

la widely fenestrated. Carroll and Holmes (1980) interpret 

thia as an extensive emargination of the cheek, their 

viewpoint owing to the fact that the ventra'1 margin of 'the 
1 

cheek ia incomplete. There are no circumorbital elements 

behind the eye, and no postparieta1 elements. Genera1ly there 

ia 1)..0 palatine in adults, with the exception of 

genera such as Pseudobranchus and Si~en. Lebedkina (1967) 

.claims that the palatine is incorporated into the pterygoid 

during dev,elopement. The pterygoid is usually triradiate. The 

anterior ramus does not contact the derma1 palate or the 

maxillary arch, either directly or indirectly. The basal ramus . 
ia associated usually with the otic capsule, and the quadrâte 

ramus with the suspensorium. The-, suspensorium is a strut, 
, "-
directed ventrally from the skull roof, comprising the 

squamos,al and the quadrate. Dorsall.y the squamosal contacts 
" 

either the parie~al or the otic capsule. 
1 

The neurocra ni um i s formed usua.ll y 0 f two l ar ge 

endochondral' units. The orbitosphenoid anteriorly, and the 

oticoccipital posteriorl~, both underlain by the wide 

-paraaphenoid •. The anterior extension of the braincase is 

p'arallel-sided, the lateral margin formed 1a:t:ge1y by the 

orbitosphenoid. The oticocc!pital moiety is extensive1y fused. 

Thare are no d~stinct basipccipi tal or basisphenoid elements. 

The otic capsule is also a single coossified unit in MOSt 

., 
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Urodeles. Top Batrachupeurus a primitive 
sa1amander (from Carroll and Ho1mes 1980). 
Bottom ~~ï!.t~ (jaws in. pl ace). Rm 
2362. (posterior v iew from Carroll and 
Ho1mes (1980)). 
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adu 1 ts, al though dlsti nct pro~tic and opistho~ic an 1 agen are 

discernible early in development (Bonebrake and Brandon 1970). 

The lower jaw comprises essentially the dermal elementll 

d~ntary and prearticular. There is a s~arately ossi·fied 
~ 

articular and, in addition, an ossi fication of Meckel '1 

1 
cartilage at the region of the mandibular symphysis. The hyoid 

• 
apparatus is highly variable 

• • 
Most a uthors uni te urode 1 es wi th anur ans,. euc il i ans, or 

both. Romer (1950) al1 ied the urodeles with the mierosaurs 

alone. Carroll and Holmes (1980) proposed tuditanomorph 

mi c r 0 sa urs sue h as L l.!.!!.!..2!..!:!.! ' in wh i ch the eh e e k i s 

emarginate, as probable anees1tors. Gregory et al (1956) 
, .qJ 

conel tlded that urodeles are der i ved from nectr ideans (see al so 
t.,,/. . 

Parsons and Williams (1963) for the similarity between their 
1 \ 

'protolissamphibian ' and Scincosaurus. They were thought by 

1 

l 

Schmalhausen to be derived from the lysorophoids, and by Estes '\ 

(1965) to have evolved frgm labyrinthodonts. 

The stratigraphie ran'ges of the groups discussed here 

are given in figure20. A synopsis of their proposed 

is shown in figure 2. 

79 

\ 

t 



--.--;--"_ ... ,.. ._~--_. --, .... -
0 

. ~;" , 

/ 1. 

a 

(; r 

\ ~ ( 

_t-, 
Plgure 20. Stratigraphie ranges or- the potentia 1 

sistergroups. 

! -
l, 

) 

1" .. 
1....) 

" ( 

,1',,0 
7980 ~ 

(1 \ 

.... , \ ;., .... 



o \ 

o 

my. 
----~r_--____ ----p 

r 
CENOZOIC 

-\ 



• 

o 

, . - " 

, METHODS- AND MATERIALS 

Cleared and stained specimens, dried skulls, and who1e . 
preserved caecilian specimens were observed. The dried 

specimens and sorne of the cleared and stained specimens were 

drawn with a camera 1ucida attached to a wild MS or M6 

microscope and measured ei ther from the drawings or, whenever .. 
possible, from the drawings and through an ocu1ar micrometer. 

Most of the cleared and stained specimens were photographed 

using a Wild binocu1ar microscope and camera attachment. Kodak 

Pan-X film was used for the photography. It was exposed at 50 

ASA and developed using microdo1 deve1oper. , 

A complete listing of the specimens observed and their 

mode of preservation is given in" appendix 1. In total 173 

caeci1ian specimens were avai1ab1e for study. The samp1e 

enc~~asses twen ty two of the th i ~ ty four known 1 i vi n9 

genera, and thirty seven of the 167 described species are 

identified. The compositon of these specimens among the major 

taxonomie groups considered in this study is as fol1ows: 

- Ichthyophiinae (10 specimens): 

!S~th~~Eh!! ~~~ (1), 1. ~2htao!~!is (3), 
1 

unid'entified (2). J 

Caudacaeci li! nigrof l;.avè!, (1), ~ larutensis (1), C. 

asplenia (1) ~ weberii (1). 

- Oraeotyphlinae (2 specimens): 
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Uraeotyphlus narayani (2) 

- Caeciliinae (20 specimens): 

.Caeci l ia 6chrecepha!.! (1), 2.:. occidental!.!.(lO), 

tentaculata (2), S. nigricans (1), unidentlfied (4). 

Microcaecilia albiceps (2) 

- Scolecomorphidae (5 specimens): 

Scolecomorphus uluguruensis (2) ,r!:- kirkii (2), 

'§.:. .! i t t a tus ( 1 ) • 

- Typhlonectidae (19 specimens): 

!I2hlonectes obessum (1), ~ compressicauda (4), 

natans (3), unidenti fied (9). 

Chthonerpeton indis~inctum (1), s. viviparum (1) 

Rhinatrematidae (14 specimens): 

Epicrionops petersii (5)~ bicolor ~9). 

- Dermophinae (93 specimens): 
D 

Afrocaecilia taitana (4). 

Boulengerula boulengerii (1), !!.:. titanus (1). 

Dermophis mexicanus (48), unidentified (3). 

GegeneoI2his ramaswamii (2) • 

Geo~YI2etes seraphini (16) , G. grandisonae (1) 

Grandisonïa alternans (2) • 
( 

Gymnopis multiI2licata (5) • 

Her~ele sgualostoma (1) • 

HI~oieoI2his rostratus (5) • 

Idiocranium russeli (1) 

Indot!yphlus battersbli (1) • , 1 

Scistometopum thomensis (1) , s. - greiorii (1) • 
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Siphonops annulatus (1), unidentifi,d (1). 

c* gener ic designat,ion of this specimen is ~i.n,~ changed (Wake 
.!. 
Pers. cornm» 

~ 1 
1 have ha~e had acces.s, to a number of specimens of fossi 1 

and living tetrapods. These are ~so 1isted in appendix 1. 

Primitive tetrapods: 
Greererseton burkemorani: 

le thyo~tega ~ , 

Lysorophoids: 
Brachydectes tricarinatus: 

Cocyt)i nus .!E..:. 

A!stopods: 
Ophiderpeton 

Phlegethontia 

Microsaurs: , 
Hicrobrachis and other unidentified specimens 

Oissorophids: 
. casts of Amphibamus 

. 
The entire Redpath Museum teaching. collection of modern 

amphibia~s was also availab1e for ~nspection. 

~ Additionally, a beautifully preaerved specimen of the 

rhipidistian Eusthenopteron foordi (RH 
1 

for inSrection. 

C1adogram construction 

14.234) was avai lable 

, , 

1 have used a phylogenetic Inference progr~ for IBM PC 

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

Fel fienstein 1978). Characters" are coded as being pr imi ti ve (0) 

or derive~ (1). For the majority of characters, l,.ha,ve used 

the 'Carnin-Sokal' parsimony option which considers (0 -) 1) 
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transition~ as being more 1ike1y than (1 -> 0). The progrlrtl 

recognizes only binomial input (0 and 1). Characters with more 

than two states (e.g. 0,1',1") must be coded as more thln one 

c~aracter. MIX requires that a character phy10geny be 

designated. For instance, if the series 0 -) l' -) 1" were 

presumed, then the correct coding would be: 0-00, l'-al, 

1 "= Il , me an i n g th a tan y t r an s i t ion end i n 9 a t 111 ( Il) wou l d 

have to pass through l' (01). Except where 1t: is impossible or 

inapplicable, l have tried not to predetermJne-the phylogenies 

of alternative apomorphic states. In order to maintain 

max imally unconstrained character phyl ogenies,' for all mul ti

apomorphic characters l have coded aIl al ternate apomorphic 

states as divergent from the plesiomorphic state (1.'e. 0-00, 

l': 01, 1"=10); and have employed the 'Wagner' parsimony 

option. The Wagner parsimony considers 0 -) 1 and l -) 0 

transitions as equally possible. The result is not a fully 

unconstrained phylogeny. The transition from l' -) 1" actually 

requires a l' -> 0 -) 1" phylogeny, and is therefore! priori 

on1y half as likely as any single (0 -) 1 or I ->0) 

transition. This ls the best way ava1Iable in the PHYLIP 
... 

program to keep the mui ti-apomorphic charlcters relati valy , 
uncons tr a,i ned • 

',.:' \ 
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RESULTS 

1. CHARACTER POLARÎTIES 

Ingroup Characters 

The po1arities of twenty nine craniai characters, with 33 
, 

apomorphic states, are 1:es01 ved for the ingroup analysis. The 

characters and the distribution of their states among 

caeci1ians are tabulated ill Table 2. The states are described 

br.ief1y in Tab1 e 3. The pol ar i ties ahd their resol ution are 

discussed at greater length in the disc,ussion section. 

Outgroup Characters 

Fort y characters, with 62 apomorphic states, distriputed 

among~ 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. 

II.RELATIONSHIPS 

Insroup Relationships 

In general appearancè the resu~tant' cladogram (fig. 21) 

of the ingroup analysis is' not great1y dissimilar from that 
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Figure 21. 
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. 
tngroup cladogram for caeci1ians. Character 
numbers are as for tables 2 and 3: 
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~ TABLE 2a. -
... DISTRIBUTION OF INGROUP CHARACTERS 

, (outgroup compar i90n) 

.' 
CHARACTBR 

t NAME ICH'l'HY URAEO RHINA SCOLB DERMO CABel TYPHL 

1 'Os Basale 0, 0 0 0 0 0 0 

2 Tentacla 0 0 0 0 0 0 0 

3 L~wer 
. ' 0 0 0 0 0 0 0 ~w 

4 Double row 0 0 0 0 0 0 0 
teeth ., 

Q 

, . 
5 Nasal O.' 0, 0 0 1 1 1 , 
6 Premaxi11a 0 G- O 0 1 1 1 

7 Pterygoquad 0 0 0 1 1 1 1 

8 Stapes 0 0 0 l 0 0 0 
# 

9 Vomers 0 0 1 0 0,1" 1" 1" 

10 Interna1 0 0 00 l' 0 a 1" 
naris "., . -

11 01:bit 0 0 . 0 1 0,1 0,1 0 
(O/C) 

• 
\ 

12 Tentac1el 0 1" l' . 1" 0 l," 1" 
orbit 

1 " 

13 Tentac1e/ 0 0,1 0 na 0,1 1 1 
. orbit 

~, 

14 Cheek 0 0 l' 
àttachment 

VI'" a 0 0 / 

, 

o 
• 
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TABLE 2b. 

P (continüëd) 

DISTRIBUTION OF INGROUP CHARACTERS 

" 
(congruence characters) 

J> 

1 .1 CHARACTER 
~ NAME ICHTHY URAEO RHINA SCOLE DERHO CAECI TYPHL 

15 Squamosal 0 0 1 0 0 0 0 

16 Septomax. 0 0 0 0 1 1 1 

17 Ci rcumorb. 0 0 l' na 1" 1 ' 1" 
bones 

18 Tentacle. 0 1" 0 1 ' 0 1" 1" 
aperture 

t" 
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 ! ~ 0 1 1 1 1 
condyles 

23 Perforate 0 0,1 0 ? 1 1 1 

.fi stapes 

2,4 Mouth opening 0 0 1 0 0 0 0 

25 Retroart. '0 0 1 0 0 0 0 
inf1ection 

! 

/ k. '26 Hyoid 0 0 l' 1" 0 0 0 

27 M. Int't1:,ny. 0 0 1 
. 

0 0 0 0 
posterior 

28 MAMI 0 0 ·1 0 0 b 0 !!-

29 ·P~.frontal 0 0 1 0 1 1 1 

!:> 0 ; 

< -

" ~.' r ,- 84c 
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TABLE 3. 
1 

INGROUP CHARACTER STATE DESCRIPTIONS 

Character 

1 Os Basale 

2 Tentacle 

3 Lower jaw 

4 Double row 
teeth 

5 Nasa 1 

6 premax 

7 pterygoid/ 
quadrate 

8 Stapes 

9 Vomers 

10 Internal 
naris 

11 Orbit 

12 Tentacle/ 
orbit 

13 Tentacle/ 
orbit 

14 Cheek 
attachment 

15 Squamosal 

Plesiomorphy 

Braincase elements 
fused 

Present 

Pseudoangular and 
Pseudodentary 

p~ta tal teeth 

l' 
presen,l as discrete 

element 

Present as discrete 
element 

Separate units 

Present 

Bilateral contact 
extensive 

Present 

Open 

Anterior and 
adjacent 

Contiguous 

synostosis 

At ventral cheek 
margin 

16 Septomaxilla Present 

_._"''''~ 

84d 

! 

,'.\ 

Apomorphy 

Fused or lost 

Fused or lost 

Combined unit 

Fused or lost 

l' divergent 
1" apposed,~os Basale 

intervenes 

l'indistinct 
1" enlarged 

Closed 

l' Within orbit 
1" aperture removed 

from orbit 

Separated by dermal 
bone 

l' peg-in-socket 
1" absent 

Not st ventral cheek 
margin 

Lost or fused 



, 

1 

" , , 

~~-~----

INGROOP 

CharactC!r Plesiomorphy 

17 Circumorbi ta 1 Postfronta 1 • 
pones (ocular)-

18 Tentàcle 
apertuQe 

19 Kinesis 

Anter ior to 
orbit 

Present 

20 Basal,~ Present 
a l"t i cul a t ion 

21 Braincase 
~ , 

,22 Occipi tal 
condyles 

23 S~ 
24 Mouth~ \ 

openin.9 ) 

25 Retroar t~ 
process ! 

26 Hyoid 

27 M. Interhy. 
post. 

Q8 HAMI 

, 

29 Prefrontal 

Tapering 

Contiguous 

Per forate 

Subterminal 

Inflected 

Cb 3&4 fused 

Two bundles 

Within adductor 
chamber 

Present 

( 

84e 

, 1 • 

\ 
'. 

.~ , " 

Apomorphy 

l' Wi thin maxpa 1. 
1" between maxpal. 

and scjuamosa 1 

Wifhin orbit 

Absent 

Absent 

-..... 

Perallel s ided 

Separa te 

Impe:r forate 

Te):rninal 

Straight J 

l'Cb 3&/or 4 lost 

l"Cb 3&4 expanded 

One bundle 

. Beyond adductor 
Chamber 

Lost oJ: fused 

\ 

. .; 

\ 

, 
f 
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figure 22. 
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Outgroup cladogram. Character numbers are as 
for table 4. 
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TlILI ! 
" 

) c:uucm STan J1mnUTIOII1lI OUTÇIOUP IlLlllOlSIllS 

- Groa, -

, Cbracur. USTOPOD! DCTlIDI! LISOIOPIU dBU UIODILA GJIIOPIIOIA IICIOS.&Ulll 8 ISSOIPI US 
r , 

, 

Iraile .. e flliol l' 0 0 1" l' l' • • 
% Pr.a1ic/o,i.t~.tic ./1 0 0 0 0 • 0 

J 8J1oUc Tecto 0 , ? 0 0 ! 

4 ' J.,raocci,iLaI 0 0 0 0 1/0 ./J 

, 5 Opere. lu 0 0 0 0 0 0 

, 1 lerte 'oruel 1" 0 1" l' l' J" 1" 0 1< 

1 CraDiofertehral Joill l' 1" , 0 1'" 1" , 11t/l'" 1./1" , 1 "' :;,. 
~ 
~ 

8 Stape. lorp'olo" l'" ? l' 1" l' l' l' la 
r 

9 Stape. Perforatiol ? ' 0 0 0 0 

10 Paroccipital Proce •• l' 0/1" l' 1" 1" l' l' 0 
.J .. Il Pletro.p'eloid 0 0 0 0 0 0 lI 

Il Par'lp~eaoid 011 0 0 0 0 ): .. , 0 0 

13 C.ltrifor. 'roce •• a 0 1" l' l' 1'" 0 
" ,~ 

14 8p~eDel~.oid 0 0 0 0 
.;, 

d l' 

0 0 
:., l 

15 literpterl,oid Vaclitie. 0 0/1'/1" 0 1" 1" l' 1" 

16 PterJ,oid, bilateral COI tact 0/1 0 ~~ 1 1 

~/"" 

~j 
0 ,- 0, 

L • , , 



-, 

~ 
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~BAi!C~ DIS!i!BIITIOH FOI OIlTCIOuP JBLA!IOISHI1! 

Group , Chraoter. AlSrOPODA NECTiIDIA LY80iOPBU AMUIA UaODELA GYIHOPHIOJA IlICROUUiU D1880lOPIID8 

17 Balicr_Dial Articulation 0 0/1" 0 0 0 • 0 

18 pt\r'&Oii/latillarr Arch l' 0 l' l' 0 0 0 -
l' Ipipterrcoid 0 0 0 0/1 0 0 

10 Ictopter"oid 0/1 Ofl 0 0/1 
· 

11 Palatal !eet. l'" 0/1'" l' 1"'/1' l' l' 0 On 
11 Pedicellate Teet~ 0 0 0 0/1 0/1 1 • 0/1 

. ," 

13 POlt Parielal Ileleltl 0/1 0 0 0 0 -;; = 14 'roitoparielai 0/1 0 0 0 D 0 0 

15 Parietal rorllel 0/1 0 1 1 0/1 0 
l 

15 Sqlll"al/parietli co.tact O/l' 011' l' l' /1' l' /1a l' f 0 

n Otic lote. 0 0 0 1 ~ 0 0 0 1 

.' Z. ,Poli Or.ital lleleata 0 0 t- l' J' l' 1 • 1 

~ , 
II Septolalilla 1 0 0 • • '/1 ,-, 

30 Qlairatoit&al • • l' 0/1· 1/11 l' • • -
" ;~ , 

1 .. : , 
t. ' :~'J 

',' 

" ~\ 

0 
- -0 , 

• .~~~ 
- '-
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'TARLE 5 

OUTGROUP CLADOGRAM TRANSFORMATIONS 

Taxa 

AlI Ou tg rou~ps 

Nectr ideans 

AlI minus Nect 

Dissrophids 

Ly, A!, An, 
Mi, Gym. 

Microsaurs & 
Gymnophionans 

, 
Microsaurs 

Gymnophionans 

Character Transformations 

7'" Double occipital condyle 

29 Loss of septomaxilla 

16 

8" 
15 
27 

Loss bilatera1 contact pteryg. 

Impedence matching stapes 
Wide interpterygoid vacuities 
Oti'c notch 

\ 

8' Stapes mor~hology 
25 Loss parietal foramen 
34 Jaw joint anterior to occiput 
40 3 or 4 ceratbbranchials 

3 
13" 
10' 
11 
15' 
16 Il , 

35 
38 
39' 
(7" ) 

l' 
2 
12 
14 
19 
20 
21' 
22 
23 
26 
28 
30' 
31' 
36 
39" 

Loss synotic tectum 
Tapering parasphenoid 
Paroccipital process (none) 
P1eurospheno id 
Interpterygoid vacuities 
Vagus nerve foramen 
Subtermina1 jaw 
Two rows teeth -lower jaw 
Retroartic~1ar process 
Craniovertebral joint 

Squamosal-parieta1 non-contact 

Fusion post. portion braincase 
Otic capsule fusion 
Parasphenoid 
Sph~nethmoid fusIon 
Loss of epipterygoid 
Loss of ectopterygoid 
Palatal teeth 
Pedicellate teeth 
L~s of postparietal elements 
Squamosal-parietal contact 
Single circumorbital element 
Fused quadratojugal 
Ouadrate kinesis 
Pseudodentary, pseudoangular 
Retroarticular process 

84j 
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9 

10 

11 

12 

o 
13 

. 15 
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TABLE i(continued) ~ 

OUTGROUP CLADOGRAM TRANSFORMATIONS 

Taxa 

Ly & A!/ 
An & Ur. 

Lysoropho Ids 
& A! stopods 

,\!stopods 

Lysorophoids 

Anurans & 
Urodeles 

Urodeles 

Anurans 

Character Transformations 

21 11 • 

26 
28 
32 

Palatal tee th 
Squamosal-parietal contact 
Lo~s of postorbital elements 
Cheek fenestration 

Supraoccipital 4 
10' 

29 
Loss of Paraoccipital process 

Loss of Septomaxilla 

l' 
2 
6 11 

7 ' 
8'" 
21 11

' 

28 0 

Braincase fusion-pasterlor 
Otic capsule fusion 
Vagus Nerve Faramen 
Craniov.ertebral joint 
Stapes morpho1ogy 
Loss of Palatal teeth 
Pastorbital element 

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

1" Braincase fusion -posterior 
2 Otic capsul fusion 
5 Operculum 
6' Vagus nerve faramen 
9 Stapes imperforate 
la" Paraoccipital process to cheek 
15" Widi interpterygoid vacuities 
13' Loss of postparietal elements 
(22) Pedicellate teetn 
(26") Squamosal-pa~ietal contact 
(30) Loss of Quadratojugal 
37 Mentomeckelian 

18 Loss Pterygoid-maxilla contact 
31" Quadrate kinesis 
33 Ventral cheek margin 
36"' Bones in mandible 

8" Stapes morphology 
24 • Frontoparietal 
27 Ot ic notch 
36" Bones in mandible 
40" Hyoid 

84' k 
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produeed by Nussbaum (1979) by use of clique -analysis or that. 

reported for the same data by Duellman and Trueb (1986:4~6) 

employing the WAGNER 78 program. Exeept for the taet that the 

i':aéeiliidae is tr~ated as two separate taxa in this study 

~Caeeiiiidae and Dermophidae)', the cladogram produced by this 

study and tha t reproduced in Due lIman and Trueb are Wagne.r-
. 

equivalent (Cartmill 1981). This means that the topologies are 

equivalent. There are rooted in different places however. The 

previous studies (Nussbaum 1979aJ DueIIrnan and Trueb 1986) 

(fig. 10) rel ied on
Y 

what is largely a different suite of 

characters, including a significant proportion of pqstcranial 

features. Some of \the cranial characters ernpIoyed here do 

over1ap with t;hoS,e\",: N~SSbaum'S studies (1977; 1979,8>. Due t 
to th~ methodologlcal dlfferences between those studles and 

this, sorne of the transformation series are ascrib~~ 

different pOlarities. The.curren~ study sugges~s that a 
, 

number of minor modifications to t~ previously proposed 

classification schemes are in order. 

T~e genus Uraeotyphl~ is currently subsurned under the 

Family Ichthyophiidae as a separate subfamily, Uraeotyphlinae 

(Nussbaum 1979). It appears.from this analysis that although 

ichthyophi Ines (the other subfarni 1 y of the Ichthyophfidae) can 

b e sai d t 0 b e a p 1 e s i 0 m,or phi c' sis ter 9 r 0 u p 0 f the 

uraeotyphlines, the, two subfamilies do not constitute a 

discrete monop'hyletic assemblage in themselves. Rather the-
1 

uraeotyphl Ines _ would be included in a monophyle.tic assemblage 

that would include all other caeeil ians except the 

, . 

85 
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" ichthyophiine..$ and the Family' Rhinatrematidae. Uraeotyhlines 

are uni ted wi th these groups by the 'structure of the tentacle 

and tentacular aperture, and the possession of an imperforate 

stapes. The stapes of !!.!!.!.2~~.2hl~ shows what may be 

conside~ed an intermediate stage as it is notched for the 
\ 

passage of the stapedia1 artery. It is interesting to note 

though that tw~ of these tentacular characters ~12 and 1r) 
... ' 

are not shared wi th the dermophids. 

Additional1y, the groups commonly united under the Family . 
Caeciliidae -(Subfami1y Caeciliinae and Subfamily Dermophinae) , 

appear not to comprise a monophyletic group. They can be 

differentiated on the basis of the configuration of the bones 

surrounding the orbit (17). The orbit in caeci1ii_nes, when 

present, is located entirely within the maxillopalatine, a 

condition apparently independent1y derived in rhinatrematids, 

whereas the orbit in dermophines, when open, is bordered 

both the maxi1lopa1atine and the squamosal. A number 

anatomical differences have been cited by Taylor (1968a), Wak 

and Campbell (19835),' and Laurent (1984) to differentiate 

further the caeciliines from the dermophines. These inc1ude 

the ext~y large teeth of caeciliines as compared with 

dermoPh~es (Wake and Campbell 1983), and the notch at the 

anterior extremity of the caeciliine:vomers, not found in the 
. 

dermophinae (Taylor 1968a) •. The caeci1iines (sensu Wake and 

Campbell 1983) and the dermophines are treated here as 
\ 

separate families, Caeciliidae and Dermophidae respectively. 

The Typh1onectidae, the (here termed) Dermophidae and 

Caeciliidae appear to compose a monophyletic assemblage 

86 
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united by the common fusion of the n~sal (5) and premaxillary. 

~), the loss of the prefrontals (29), a narrow, but variab~e, 

extension of the os ~ale bet,ween the vomers (9") and -the 

108s of the septomaxilla (16), or its incorporation into the .. 

nasopremaxillary complex (Wake and Hanken.1982). This 

conclusion is implied in the results of the clique analysis 

and Prim Network analysis performed by Nussbaum (1979) 
, 

The most striking difference between the results of 

this analysis and others is not the number of distinct 

fami 1 ies or the distr ibution of characters between them; i t 

is the relationship between two particular families, 

Ichthyophiidae and Rhinatrematidae. In Nussbaum (1979), 

Duellman and Trueb (1986) and in this study these two 

familles have a sister group relationship. However, in this 
\ 

study the Ichthyophiidae are by far the m e primitive group. 

Binee Nussbaum's (1977) study of the Rhi at~ematidae it has 

been considered to be the MOSt pr i i ti ve assembl age. In 

contrast with that view, the rhinatrematids here àppear to be 

quite derived. Out of ~the twenty nine characters considered 
, 

they exhibit a total of,13 apomorphies, none of which is 

shared with any other caecilian group. Only the highly 

~pecialized typhlonectids and the caeciliids (a total of 9 

--' genera) have lequal numbers of apomorphic features. None has a"s 

Many autapomorphies. Apart from the convergence~ci ted above 

(l 7 • ) , and .t h e in d e pen den t los s 0 f the pre f r 0 n t al, 

" rhinatrematids share only caecilia~ plesiomorphies with the 

other groups. 
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On the bas! s of their possession of the p1~siomotphic 

1 sta te for the,·!' lO'~rteen characters po 1 ar i zed by ?utgtoup 

cOmpar ison, ~ the ichthyophiids (Ichthyophi s'and Caudacaeci 1 la) , 
-

are taken to represent the most primitive living caeoilian 

assemblage. Like the rhinatrematidae, they share Qnly 

pl es i om 0 r phi e s w i th the r e ~ t 0 f the 0 rd e r. Un 1 i k e a n y 0 the r 
~ 

group, they manifest no apomorphic states of the 29 characters 

considered here. This, in part, is a requi;.ement of the 
~ 

method01ogy for characters 15 through 29, as a resu1t of the 

rather str ingent constraints put on the outgroup compatlson. 

It is significant though that for the 14 characters reso1ved 

by outgroup comparison the primitive condition for a11 is 

found in the ichthyophiids. The eve~tua1 description of the 

~ caecilian fossil material will provide an Independent test of 

these pol ar i ties. 

"" The relative primitiveness of these two families warrants 

a c los e r 1 00 k bec a use 0 fit s b e a r i n 9 0 n th e
J 

s k u l l 

fenestration controversy. The two rhinatrematid genera are 

distinctly zygokrotaphic. Uniquely in these forms, the jaw 
P 4 

adductor muscle mass exte,!1ds dorsally beyond the adductor 
. 

chamber and takes its origin on the lateral skull roof 

surface. The presumed primitive nature of this family lent 
\ 

creedence to the Interpretation of zygokrotaphy as pr Imi ti ve 

for caecilians, although it should be not~d" that this -1 
character was used in assigning the rhinatrematids their 

primitive st tus on the assumptlon of lissamphibian monophyly 

(Nussbaum 19 

ichthyophi ids, 

The skull ls essentially c10sed f>n the 

t a 11ne of weakness or a small temporal 
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fenestra is obse~vab1e in such species as lEhthI~Eh!s 
kohtaoensis (Taylor 1969a). The condition of the sk~ll roof 

has not been coded as a' character on the cladogram gi ven, but 
, ~ 

it is evident that zygokrotaphy must have arisen a number of 

tfmes within the order. A minor gap between the cheek and 

\., skull roof is found in Uraeotyphl.!!! narayani (Nussbaum 
'-------' 

1 91-9Ja) , and .!!.:. ~I~!.E.!. ( T a y 1 0 r l 9 6 9). FuI l te m po raI 

fenestration appears to have evolved independ~nt1y within the 

Scolecomorphidae 1 (~~l~E.2!!!~!.Eh..!:!~ on1 y), once in the 

Dermophidae (Geotrypetes), and in the Typh10nectidae. 

There are a number of characters that undergo what, in 

the,context of t'Fi'e cladogram proposed here, must be eonsidered 

convergences or reversa l s. The most 1 abi 1 e character s appear 

to be associa~ed with the tentaele and the orbit/tentacle 

relationship. Character 13, with on1y oae discernib~e advanced 

state (tentacle not confluent with orbit), is se en to undergo 

three character· state reversals, oQe in each of the 

Uraeotyphl idae and Dermophidae which are polymorphie for this 

state, and once in the internode before the emergence of the 

Uraeotyphlidae. Character 12 (spatial relation of tentacle and 

orbit), with two apomorphic states is se~ t~ diverge from the 

primitive condition, 'foun~ in Ichhtyophiids, independently in 

rhinatrematids and the suite comprising aIl other fam·lies~ 

The contribution of derma11 bones to the tentacular a rture) 

(18) undergoes reversion to the p1esiomor in 
./ ' 

èlermophids. If, as .Nussbaum (1.877) and 8adenhorst ./1978) note, 

the forward migration of the tentac1e is a common feature in 
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the ontogeny of caecilians, a retardation of the rate of 

forward migration could 
1 

produce the condition found in 

rhinatrematids, and its acceleration would yield a condition 

such as that in syolecomorphids and ~!~~~~hl~~. The 
L 

attainment of the orbit wholly within the maxillopalatine 

(17') appears to have been derived independently in caeciliids 

and rhinatrematids. The absence of a discrete prefrdntal 

(29) ls a homoplasy occuring lItIithin rhinatrematids and all 

groups distal to the divergence of the scolecomorphids. 

Outgroup Relationships 

The most parsimonious cladogram for the fort y 

characters analysed is shown in Figure 22. Char acter 

tr ansformations are 1 isted in the accompanying table' (Tabl e 

5). The cladogram lists as characters only those that 

fully transforme Characters that transform between some 

members of a terminal taxon. and its nearest node are not 

denoted. 

One of the immedlately~striking results of the cladistic 

analysis ls the number of autapomorphies that define terminal 

taxa. This indeed is the crux of the longstanding conundrum 

over amphib i an interliel a t ionsh l'ps. Al though the groups are 

easily discerned, they are not easily allied with one 

another. The nectridea are the minor exception, as a group 

the y bear only one autapomorphy. They independently lose the 

pri~itive septomaxilla (29). Many ot' the trends that 
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characterize later assemblages, though, are attained, 

independedtly wfthin the nectrideans. Despite ~heir early 

a~pearance, the a'1stopods as a whole exhibit a considerable 

number of autapomorphies (6). These include the extensive 

fusion of the posterior portion of the braincase (as in 

~legethontia) (1'), as weIl 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 Turn~ull (1958), is unique. The 

dermal sku1l roof is reduced as an independent advancement 

within the alstopods. 
l 

independent1y. 

The pa 1 a ta 1 tee th (21"') are los t 

The lysorophoids exhibit sixteen apomorphic features. Four 

of these are der i ved independen tly from a Il other groups. The 

braincase of lysorophoids m.aintains many, of the primitive 

tetrapod fea tures. The shape of the cu 1 tr i form proce ss (13 If) 

is a unique feature. The cheek is emarginate ventra11y (33). 

The anurans exhibit five dutapomorphies. The 51 ight1y-
() 

built stapes (8") a~d the otic notch (27), a1though shared 
.1 

with dissorophids, are independently derived. The hyoid in 

anurans (40") is a h1gh1 y, spec ia1 i zed structure (Trueb 1973). 

Fusion of the frontoparital (24), and the configuration of the 

elements of the lower jaw (36") aJ'e also indep~ndent1y 

derived •• 

There are six autapC?morphies of urodeles. The fusion of 
. 

the orbitosphenoid elements of the ethmoid moiety (14), and 
Q 

the unique s~yle of quadrate kinesis (31") are distinguishing 

features. The ventral cheek margin. ia indaHnderit1,y lost in 
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urode1es (33). Pterygoid-maxil15 contact ia lost (18). The 

structure of the lo~er jaw (36 "') is der i ved in urodeles. 
QI 

The high1y derived, distinctive nature of the caecilian 

skull is best evidenced by its possession of fourteen 

autapomorphic features among thirty apomorphies. The 

braincase and the otic' capsule elements are extensively fused 
;Cl 

(1 and 2). A1though this resembles the condition seen in 
~ 

a!"stopods it appear, to have occurred convergently. The 

extensive1y fused ethmoid moiety of the braincase is unique 

(14), las is the complete fusion of the parasphenoid with the, 
, 

endochondral braincase (12). The form of quadrate kinesis 
Î ' 

(31 1
), the c.ontact of the squamosa1 and the parietal (26 1

), 

, . 
the independent 10ss of the postparietal e1ements (23), and 

the reduction to one, of the postorbital series (28) and the 

developmental fusion of the quadratojugal an1age to the 

surrounding squamosa1 e1ement, aIl mark the caecilian skul1. 

ropf and cheek unit as unique among the tetrapods. Ouite 
1 • \. ~ .. 

significantly, pedice1late teeth (22) are acquired .. 
independently, as is the row of palatal teeth (21"). There ia 

no epipterygoid ~19). The structure of the lower jaw~ with ita 

long retroarticular process (39'), and ita obliquErly joined 

pseudodentary and pseudoarticular also serve to distinguish 

this group (36'). 

1'0 addition to the autapomorphies, distinguishing all 
c: 

members of a group from any other, characters are seen to 
,/ 

undergo transformation independently with~"lineages. There 
",' 

are fully nine of thèse within the neçtridea. These are: 
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expa'nsion of the paroccipital process (10"), squamosal-

parietal' contact (26'), the 10ss 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 craniomandibu1ar 

\ joint anterior to the occipital condyle (34); a row of teeth 

in the lower jaw (38); a relatively elorOgate retroart1cu1ar 
1 
1 

;' J 
process (36'); pterygoids not contactlng their bi1atera1 

counterparts media11y (16); both alternate apomorphic states 

of the pterygoid vacuity (15' anç 15"). Most of these derived 

characters are manifest in the fami1y Keraterpetontidae. 
ù 

'Six characters ttanSform within ,the A!stopoda. Two of 

t'hese are partial reversaIs. The partial reversaIs are in 

characters 34, the craniovertebral joint at the 1evel of the 

occipital condyle and, 20, thè parietal foramen. The 

apomorphies attained witthin the a!stopods are: fusion of the 

parasphenoid with the oticoccipital~rtion of the braincase 

(12), contact of the squamosa1 sole1y with the otic capsule 

dorsa11y (26"), 10ss of postparieta1 e1ements (23), the 

possession of two'derma1 elem~nts in the tower jaw, joined by 

... an oblique squamous joint (3r> and, fUSiOà of the frontal ard 

par ietal to form a frontopar ietal (24). 

The r e i sap a r.,t i a l reversal within the 

gymnarthr id/goniorhynchid l ineage invo 1 ved wi th the presene,e 

of a parietal forarnen (iS). There is ~lS0 a parti~l 0 -) l 

transformation, the possession in Rh~.!!ch.2!!kos of a 

supraoccipital (4). o 

-One character transforms wi thin the urodeles. ,~t is the 
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possession of pedicellate teeth (22). Tooth pedicelly also 

tran'sforms within the anurans. It ia equiprobably 

independent1y derived in sorne anurans and urodeles, ,or 

independent1y lost. Other characters changing within the 

anurans are: possession of a quàdratojugal (30), the most 

P?rsimonious phylogeny requires this to be a reversal when it 

occur s. Vomer i ne tee th ar e both presen t and absen tin the 

urodeles (27" -) 27"'). The craniomandibular joint (32) is 

located posterior to, anterior to, or level with the occipital 

condyle. 

The synapomorphies that support sieter group 

combinatj,ons 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 phy10geny in Figure 22 delimits seven 

monophy1etic groups in addition to the terminal taxa. These 

are: 1) all groups above the 1 evel of the pr imi ti ve tetrapods, 

2) al1 groups in 1, minus nectrideans, 3) the 

microsaur/gymnophionan + 1ysorphoid/a!stopod + anuran/urodele 

assemblage; 4) the 1 ysorophoid/a !stopod + anurawurode 1 e 

assemblage, 5) the 1ysorphoids and a!stopods, 6) the group 
'" 

compr,ising' just anurans and urodeles, and, 7) the.. group made 

up of reciprocal sister groups mJcrosaurs and gymnophionans. 

One crter uni tes all groups above the l evel of 

primitil[ amphibians.· This is the possession of double 

occipita~~ condyles. One.character unites these groups above 

the level of nectrideans, pe lack of bilateral contact of the 
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pterygoids anterior to the parasphenoid (16). 

The microsaurs and gymnophionans plus the lysorophoids 

a!stopods, urodeles, and anurans share four apomorphie's. 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 suspensorium' (8'). It subsequently 

transforms, becoming the impedence matching str_ucture of 

anurans (8' ~ 8"). The parietal foramen is absent (25). This 

character is reversed in Rhynchonkos and sorne 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 anterior to the 

level of the basicranial articulation. Once again, this 

character is reversed in a number of anuran genera. The 

structure of the hyoid apparatus comprising paired 

basibranchial s and four (1 ess cornmonly three) cer a tobranchial s 

unites these members (40'). Anurans further modify the 

hyobranphia 1 'skeleton t40"). The resul tant character phylogeny 

Is 40' -> 41". 

That lysorophoids and a!stopods share a sister group 

relationship wl th anurans ana urodeles is a new proposa!. It 

is' supported in this hypo)hesis by five characters. Well 

developed rowa of teeth on the vomers (21) are synapornorphic , 
features. They are further transformed in the A!stopods. The 

contact of the squamos~l ,wi th the par ietal '(26') i s present in 

a Il three order s. As wi ~ 1 be seen, is-equally probable 
, . 

that èhis character undergoes further'tra ~formation before or 

a~ter the anuran/urodele node. region i s .high"l y 
~. ". 
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in a 11 four groups (32). There is no. 

ectopterygoid (20), 
\ 

although it may be present in some .. 
a!stopods (Bossy 1978). There are no remaining elements of 

the po s t 0 r bit al se rie s ( 2 8 "). The m 0 st par-a i mon i 0 u S 

arrangement of this character is of one transformation, and a 

partial reversal, rather that three independent 

transformations. The ec::topterygoid (20) ls absent in a1l four 

assemblages but is present in Lethiscus, th~ earliest 

a!sto'pod (Wellstead 1982). Although the tree shown in figure 

22 is a strict consensus tree (rooted at the outgroup), 

trees generated by various subsets of these~charac~ers show 

the a!stopods to be the most labile group. It i9~ highly 

possible that additional characters would disrupt this 

\utative sister group pairing. 

The 1ysorophoids and Afstopods ar), n~ted ~y four 

apomorphies, the presence of a supraoccipita1 ~), a reduced 

or lost paraoccipital process (10'), 1085 of erygoid-maxilla 

contact, 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 a1l others. Group 7, 

anurans and urodeles, is defin,~d "by twe1ve aynapomorphies 

(and possibly as many as fifteen) Group 8, caeciliané and 

microsaurs, ls supported by nine (possibly ten). 

Those characters uniting anurans and urodeles (group 7) 

are the fusion of posterior braincase elements (1), 

preotic/opisthotic fusion (2) 1 imper forate stapes (9.), a .' 
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lateral1y extended paroccipi tal ,process (10"), the paraI leI -
-Q 

sided structure of the anterior extension of the braincase 

(cu1triform process) (13'), the widely divergent 

interpterygoid vacuities (15"), the possession of an 
f " 

operculum (5), ~e location of the vagus foramen (postotic 

foramf3n) (6'). The u{lique articulation of the pterygoid with 

the otic capsule (17'), and the 10ss of the epipterygoid (19) 

are also commoon features. Pedice1late tee th (22) are 

equiprobably a synapomorphy ef urodeles and anurans, or 

independently derived within these g~oups. The absence of 

postparietal elements (23) unites these orders. The 

intervention of the otic capsule between the squamosal and 

parietal (or frontoparietal) (26") ls equiprobably a 
«iŒ 

synapomorphy, or independently derived. The loss of the 

qua d rat 0 j u gal ( 3 0 ) i s e qui pro b ab l Y a s y na p om 0 r·p h y 0 r 

independentl y 

The last 

withia the groups. 

oup to be considered is the order Gymnophiona 

and its sister group the gymnarthrid/goniorhynchid 

microsaurs, group 8. There are nine, definite synapomorphies, 

and one possible one. The alternat~ve apomorphies of the 

craniovertebral joint (7" or 7''')',are equally 1 ikely as 

synapomorphies. The absence of a synotic tectum (3),. the 

structure of the paroccipi ta 1 process, and the presence of a 

pleurosphenoid element (11) in the braincase are di stincti ve 

features. ~dditional syn:apomorphies are, the shape of the 

interpteryogoid vacui ties ('~5'), and the wide, taper ing .. 
cultr.iform process (13"'). Finally, the' s1!ructure of the 

o 

lower jaw is seen as a unifying feature. The lower jaw is 
• 
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subterminal in position (35). It be~rs an inner row or a"ri.~. 

of teeth (38), and a retro8Iiticulàr process (39'). The last . 
character ls considerably more pronounced in ~aecilians, 

undergd"1ng further transformation 
\ 

(39i -) 39 11
). 

/ 

\ 
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DISCUSSION 

, 

Apart from the enunciation of an objective and robust 

methodology, the goal of this work has been to estab1ish the 

most probable phy10genetic position of the caecilians within 

the tetrapods, most particu1ar ly, to choosé the most 1 ike1y 

of a number of putative caeci1ian sister groups. As a 

contingent result, this work permits one to propose a number 

of hypotheses concerning the interre1ationships of other 

nonamniote groups, based on sorne fair1y we1l supported sister 

group pa ir ings. 

character polarities must be given. A discussion of the 

haract~r state distributions within caeci1ians is fo11owed by 

a~, discussion of the character states among the var ious sister 

" grQuPs. 
\ 

1. Ingroup Charaèters 

• 
Outgroup Comparison (Characters 1-14) 

The modified outgroup compa~ison reso1ves 14 

charac ters.' The di str i bu tion of character sta tes, among 
-

caecilian families, and subfami1ies is summarized in the 

first portion of Table 2a. 

Characters.1 through 4 are caeci1ian autapomorphies. 

These inc1ude the presence of an os basale (char acter 1), the 

possession of a tentac1e (DeVilliers 1938; 1939) (charac~er 
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2), the highly specialized lower jaw (3) and two parallel tows 

of pedicellate teeth on th~ pa1ate (4) are present in all 

caecilian genera. 

There is a great deal of variation in the number and 

configuration of the elements of the d~rmatocranium. 

Ontogenetically, the trends toward fusion of elements ia 

c1early demonstrated, not on1y in the braincase but also in 

the dermal sku11. The ontogenetic deve10pment of the sku11 has 

been observed for a number of genera, inc1 uding: Ichthyophis 

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

(Ramaswami 1948), ~!.~2..2!li.!. (Hanken and Wake '1982), 

...... 
Typh.!.onectes (chondrocranium on1y, Wake .!! .!! 1985) and 

Idiocranium (Wake and Savage 1986). Those e1ements of the 

_ derma1 skul1 that can be observed to undergo fusion to 

adjacent elements in sorne genera include: nasal '(5), 

prefrontal, septomaxilla, premaxi11a (6), circumorbitals, 

quadratojug,a1 (in Hypogeophis on1y), pterygoid (7), quadra.te 
r 

'and in 2.s,2.!.ecomorphus, the stapes (8). These e1ements are 

i~entified by tO,7Phica1 location only, and their 

homologies can not~e estab1ished definitively; Those assigned 

char acter numbers occur as discrete units in the adulte of at 
,a 

1east one genus and can be pOlarized by outgroup comparison. 

The greatest number of separate units .i,s found in the family 

Ichthyophi-idae. 

In primitive tetrapods, anurans, urodeles, microsaurl, 

nectrideans, and lysorophoids, the nasale (5), premaxillae 
, -

(6), pterygoids (7), quadrates and, stapes (8) all appear 
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primitive1y as sepa,rate units. This is taken to be the 

primitive condition for each of these elements within the 

caecilian&. Circumorbita1 e1ements other than prefronta1s are 

present in gymnarthrid microsaurs ,(Carrro1'1 and Gaski Il 1978), 
~ , 

primitive urode1es (Hynob!us) and dissor~phids, but absent 

primitively in anurans (Estes and Reig 1973), and Lysorophoids 

(Bolt and Wassersug 1975). Anurans lack a pref~ontal. The 

septomaxilla is present as a distinct element in urodel,e,s, 

anurans (Duellmann and Trueb 1985), microsaurs (Carroll and 

Gaskill 1978) and nectridians, but is not represented in any 

of the known lysorophoid materia1 (B'olt an& Wassersug 1975),' 

nor in,Doleserpeton (Bolt 1969). 

There are few characters of the dermal pa1ate that 

exhibit much variation. Two such characters discussed by 

Nussbaum (1977, 1979a) are the configuration of the vomers 

(9), and the size and shape of the internaI naris {lOlo The 

vomers range from being widely divergent posteriorly in 

rhinatrematids, to being bilaterally ,apposed al0I.1g the 

Mid 1 ine throughout their length. The cond i tion found in 

anurans, urodeles (Duellman and Trueb 1985), gymnarthrid 

microsaurs (Carroll and Gaski11 1978), primitive 

labyrinthodonts (Romer 1945), and 1ysorophoids (Bolt and 

Wasser sug 1975), a !)stopods and nectr ideans (Mi 1 ner 1978; 

Bossy 1976), and dissorophids (Carroll 1964), is one in which 

t.h.a' vomers are apposed throughout a11 or MOst of their 

length; it is here considered primitive. The internal naris 

in caecilians is generally small and surrounded by~~~e vomers 
, -

and maxillopalatines. This is simi1ar to the pr()imitive 
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tetrapod condition and that in most anurans, salamand.~s, 

microsaurs nectridians and lysorophoids. The typhlonectiâs, 

uniquely, have greatly enlarged internaI nares, which can be 

plugged by ossic1es on the tongue. This is taken as being 

derived (10'). Another uniquely derived feature of the 

internaI naris is found in the sco1ecomorphids, where the 

choaOJ1 border is indistinct (10") (Nussbaum 1979, 1985). 

Primitively in tetrapods, and universally in the proposed 

sister groups of caeci1ians the orbit is open. This is the 

case in most caecilians, but in the scolecomorphidae (Brand 
, 

1956) and in sorne dermophids and caeciliids the orbit (11) has 

become occluded, by derma1 bone. The latter state is taken to 

be derived. 

The relationship of the orbit (when present) and tentacle 

is subject to variation. The tentacle ls usually taken to be 

the homologue of the na~o1açrima1 duct in other tetrapods 

(Weidersheim 1879 as citeS in BadenhQ,rst 1978). From a study 

of tentacular deve10pment by Badenh0rst (1978) it appears that 

the tentacle structure incorporates the Harder ian gl and,' the 

M. Retractor bulbi of the eye, the nasolacrimal duct, and la 

assdciated with Jacobsen's organ. Ontogenetically, the 

tentacle begins in front of the' dev.eloping orbit in the 

famil iar location of the nasolacrlmal duct and usually 

migrates anteriorly. The development of this structure ln 

rhinatrematids taldi~s a different course. It is close'1y 

,associated wi th the eye ear Iy in development, and in adut ta 18 

Iocated fully within the orbit (Nussb~um 1977). The adult 
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condition in the caecilians varies from one in which the 

tentacle is in front of the orbit and confluent with it (sorne 

ichthyophiids and dermophids), to one in which it is located 

far anterior to the orbit and separated fr.pm it by dermal 

bone (Uraeotyphl.~, Scolecomorphids, and Typhlonectids), to 

one in which the tentacle is located fu11y inside the orbite 

Judging by the position of the Harderian gland (Walls 1942) , ,'-

and the nasolacrima1 duct in living tetrapods and the position 

of the nasolacrima1 canal in primitive fossil tetrapods and 

rhipidistians (Jarvik 1980), the condition in which the 

tentac.le is anterior to (12) and contiguotls with (13) the 

orbit would appear to be primitive. The other conditions, the 

tentacle far anterior (12') or wholly within the orbit (12") 
lt 

are considered advanced. The condition in which the orbit and 

tentacular aper~ure are separated by derma1 bone (13) is 

considered derived. Unfortunat~ly, the condition of the 

nasol acr imal canal in lysorophoids i s indeterminate (Bol t and 

.. .,.......' 

~ Q 

Wassersug 1975; Wellstead 1985), but given the existence of a' 

distinct lacrima1 unit it will be assumed that the standard 

relationship obtains. 

In al1 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 sorne scolécomorphids (e.g 
, 

Scolecomorphus) (14"), but does in the normal manner in others 

(Crotaphatrema). Uniquely in rhinatrematids, a .peg-in-socket 

articulation has evo1 ved between the dorsolateral surface of 

-~ the os basale and the squamosal. The rhinatrematid condi tion 
1 

, / 
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is taken as derived (14'). 

Stratigraphie Sequence 

The fossil record is of litt1e assistance in 

reconstructing the caeeilian morphotype. Two fossil 

vertebrae,~ave been described, one from the Paleocene (Estas 

and Wake 1973), the other from the Uppermost Cretaceous 
• 

(Rage 1986). They appear to be typica 1 mid-dorsa 1 ver tebrae 

showing 'only minor variations on the modern caecilian 

pattern. Despite their holospondy1y they do not bear any 

great deal of resemblanee to the vertebrae of anurans, 

salamanders, gymnarthrid microsaurs, or lysorophoids, and 

especia1ly not to that of the nectrideans. AlI that can be 

learned from these fossils ls that the modern caeci1ian 

vertebral structure had been established by the Upper 

Cretaceous. 

In summary, outgroup compar i son a 11 ows d iscr imina tion 

of character states for 14 eharaeters, four of whiq-h 

(Characters 1-4), are autapomorphies. These eharacters, and 

their distribution among families are summarized in Table 28. 

Because of the dearth of caecilian fossil material, 

stratigraphie sequence of features ia incapable of resolving 

any characters. This.Qoes not however diminish the validity of 

the paleontological argument in principle. 
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!h! Caecilian ~ Group 

The Ichthyophildae. standa~i known as the Subfami ly 

Ichehyophiinaeand comprising the genera Ichthyophis and 

Caudacaeci1ia, have the primitive condition of aIl 14 

characters. The Uraeotyphlidae exhibits 12. Rhinatrematids 

disp1ay Il of these plesiomôrphies, dermophids Il. 

sco1ecomorphids 8, caeci11iids 8, and.Typh10nectids 7 (see 

rab 1 e Q4 a). On th i s bas i s , i t i s po s t u lat e d th a t the 

ichthyophi Ids résemb1 e most cl ose1 y thé 1 a test cornmon 

ancestor of aIl known living caeci1ians (fig. 23). 

" Having ~designated a most p1etàiomorphic known member, (the 
, 

Ichthyophiidae), it is now possible to refine the putative 
1 

morphotype, and to reso1ve further ingroup po1arities. Note 
o c 

from the' preceding section that, by chance aione, the 

ichthyophiines "possess only p1esiomorphic- states of the 

charac~ers pof~rized.,This means tha~ the putàtive morphotype, 

will be co~xtensive .wi&h th~ most'primitive known member 
\ \ c 

(name1y the Ichthyophiinae). This' is not a requirement of 

morphotyp~ analysis, nor does it say anything about the 
~ ~ 

veracity of the result. 'For the clina1 characters listed , 

~below, t:he plesiomo~phic state is taken to be that; whi~h ls 
, 

pr~sent in the Ichthyophiinae. . '. 

Congruence Characters (15-2'9) 

• q 

Nussbaum (1979a) contended that tbe condition f~un~ 
""s 

, " 
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uniquely in t.he rhin~t.remat.ids in which t.he cont.act of the 

maxilla'ry port.ion of t.he maxillopalatine wit.h the quadrat.e -, 

exc11udes t.he squamosal from the vent.ral border of the cheek 

'is primitiv;vfor caecilians. The common condit.ion, found in 

Icht.hyophi Ids, and indeed all caeci 1 ians except. 

rhinatremat.ids, is one ;n which the squamosal unit. 

contrtbutes " the ve~tral border of the cheek (15) (see 

fig.27a). A distinct septomaxilla (16) is present in the 

ichthyophiids, rhinatrematids and scolecomorphids; in 
! ~ 

t Y P h 1 0 nec. t i d s , and c a e cil i i d 5 i t i s fus e d t 0 the 

ma~illopaiat're (Laurent. 1984). A distinct septomaxilla is' 

also present in anurans, urodeles, nectridians and 

microsaurs, but not in lysoropholds, sorne dissorophi~s and 

a!stopc;>ds. 
,,", 

. Th;e l>rbit, ,when present, and ten1tacle vary in their 
....... 

spatial rela tionship to the dermal element~ (17, 18). In the 

Rhinatrematid Epicrionops, the orbit. is open and located 

entirely within the maxillopalatine. A similar relationship 

is found in t.he caeciliids with open orbita (17'~ 'In the 

Dermophidae, the orbit, wh en present, la invariably defined 

by the maxillopalatine and·the squamosal (17") (Taylor 1969). 

( In both scolecomorphid genera the orbit ls occluded. The 

/ primitive/condition, found in ichthyophiines is one.in which 

the orbi ~ is surrounded by a ci rcumorbi tal .bone. 

wi th one exception (rhinatrematids), th(! tentacle (18) 

in al1 families ls anterior to the orbit (when the latter 

feature is present). In the Ichthyophiidae it ie wholly 
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con\8ined within the maxillopalatine, the probable" primitive 

condition. The primitive condition is shared with the 

dermophines figured by' Taylor (1969) except Idiocranium, 

Geotrypetes, and Herpe le. 
i 

Rhina t~ema tids are cons idered here 

to share this plesiomorphy as the tentacle/orbit is contained 

wholly within themax>illopa1atine. In uraeotyph1ines (Nussbaum 

1979), typhlonectids and caeciliines, the tentacular aperture 

is shared by the nasopremaxi11a and maxi1la (18'). In 

scolecomorphids the tentacle exits ventro1aterally to the 

external naris, and .is bordered by the maxi1lopalatine, 

prefronta1 and septomaxilla (Nussbaum 1985) (see fig 27b) 

(18"). 

The cheek un,it has a moveable' articulation with the -
braincase (19) in al1 families except the sco1ecomorphids 

• - ,1) 

(Brand "19S6). This latter state ~s considered advanced. In 

Ichthyophis; as in Most caecilians, the squamosal is s~tured, 

or c10sely apposed to the parietal (Visser 1963; Taylor 1969). 

In one genus of sco~ecomorphid (Brand 1956; Nussbaum 1985) t~e 

posterior attachment of cheek unit and skull table is 

evidently lost. In the other the~ primitive condition is 

retained. The basic~anial articulation of caecilians is a 

, synbvial joint between the pterygoid (or the pteJ::ygoid portion 

of the pterygoquadrate) (20) (Marcus et al 1935; DeVi 11 iers 

1938). Despite its specialized function, it appears very 

similar, ta the":,basicranial articulation of primitive 

tetrapods above the 1evel of the ichthyostegalians (Carroll 

1980; Smithson 1982). I,~ ton.sists of a boss from the os 

basale which fits into a rugose pad coveted with cartilage in 
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the pterygoquadra'te. A similar basipterygoid process la ',' 

found in the braincase of dissorophids, afstopods, 

micro saur s urocordyl id and sc i ncosaur id nectr idaane and 

lysorophoids, but not in anurans and urodeles. Evidently, 

this structure is not present in rhinat~ematids~_~m 
(1979). Its absence i5 takbn to be 'the derived state. Brand 

( 1 9 5 6 ) mai n t a i n 5 th a t i t. h a s a 1 s 0 b e e n los tin 
1J 

scolecomorphids as a resu1t of the extreme diminution of the 

suspensorium; this however is not' supported by Nussbaum 

(1985). ~ 

·The.sha~e of ~he braincase (21! has been invoked as a 
. ) 

1issamphibian synapomorphy (Parsons and Williams ~963; 
t! 

Nussbaum 1977·)'. This character var ie,s wi thin the 'èaecil ians. 

The common condition, exhibited by ichthyophiids, is one in 

.... 

\. 

which the braincase tapers anter iorly. There are two un ique ')., 

o 

variants on this. In the Rhinatrematidae, and the 
,,~ 

"iScolecomorphidae the braincase ls somewhat more parallel

sided (fig 27) approaching the strut-like configuration found 
-~ 

in anurans and urode1es. It appears that this configuration 

has evolved independent1y in the two families. T.he 

rhinatrematld condition ia formed by the enlargement of the 

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

sco1ecomorphid condition (21") la 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 ahared w~th the 

rhinatrematids, uraeotyphl ids and sorne 'dermophids. In other 
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forms thé condyles are distinct; the latter state is here 

considered- derived. 

The structure of the stapes, when present, is 

relatively invariant. The single variable character is the 

relationship of the style to the stapedia1 artery (23). In 

iChthyophids, rhinatrematids, Hypogeophis and Gymnopis proxima 

(Taylor 196 9a), 'the style i_~ perforateëi for the passage of the 

arter3: In caeciliines and typh10nectids thë artery passes 

around the stapedia1 style. The stapes in sco1ecomorphids 

becomes fused with the quadrate ontogenetica11y (Brand 1956). 
. -

The lower jaw of caecilians is unique (24,25). It is a 

high1y specia1ized structure and function have been discussed 

by Nussbaum (1983). The ratio of the prearticu1a,r skul1 

lèngth: 10wer jaw length (24) varies from approximately 1.0 in, 

rhinatrematids to between 1.4 and 1.5 in sc01ecomorphids. In 

Most forms the mouth is s.lightly subtermina1, as is the case .. . 
in iChthYO~iidS. The terminal mouth of rhinatrematids is~en 
,. ~ A 

as a uniquely derived feature. Simi1arly, the inflection of 

the retroarticular process ,(25) varies from approximately 00 

in' rhina-trematids to approximately 58 0 (unpubl ished data) in 

Scolecomorphus. A sI fght infl ection is found in Ichthyophis; 

it is taken to be the primitive condition. 

Three basic types of hyoid structure (26) can be 

recognized in the gymnophionans (Nussbaum i977). These are: 

the ichthyophiid type in which the ceratohyal and the 

ceratobranchial are subequa1 in length and breadth, and joined 

by a short basibranchial, with ceJatobranchial 3 and 4 present 

and fused - the caeciliid and typhlonectid varient has a much 
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expanded Ch 3+4, the rhinatre~atid type in wh~ch the 
~ 

ceratohyals are bulbous, and only two (Rhlnatrema, Cb 3 and 4 

10st), or three (Epicrionops, Cb 4 lo-s~) ceratobranchials 

remain (26') and, the scolecomorphid type, where Cb 3 and 4 

are fused posteriorly (26"). The ichthyophiid condition la 

considered plesiomorphic. It ahould be noted that the 

ichthyophiid condition resembles most c10sely the morpho10gy 

of the hyoid apparatus in primitive (hynobiid) sa1amanders 

(Edgeworth 1935; Eaton 1937; Fox 1959), some tuditanomorph 

microsaurs ,(pantY1us 'Romer 1969), 1ysorophoids (Brachydectes 

We11stead 1985), and where known in adu1t, a1beit paedomorphio 

labyril1thodonts (Dvinosaurus Bystrov 1938; Kaurerpeton 01son 

and Lammers 1976). This is radically different from the hyoid 

structure of frogs (Trueb 1973). 

. i 

As part of the highly derived jaw system of caeci1ians, c 

the gu1ar musculature has become expanded and assumes the 

function of an accessory jaw adductor (Nussbaum ~1982). This i s 

~ feature of all caecirians but sorne 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 la a smal1, s1n91'e bund1 •• 

In most other caecilians except rhinatrematids, the M. 

Interhyoideus is made up"Ôf two bund les and is considerab1y 
" 

1arger. As the latter is the condition in ichthyophiids, it-ie 

taken to be primitive here. These muscles are distinct units 

in most other tetrapod but their condition cannot be tnferred 

for the foasl! groups 
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ln a11 caeci 1 ians - except . the rhinatrema'\:id's, the 

standard te1eostome adductors are confined wholly within the 

pr imiti ve 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 a10ng the medial parietal 

suture. As it is not present in any ctf the ichthyophiidae, it 

la here considered derived. 

A distinct prefronta1 is present,in ichthyophiines, 

uraeotyph1ines and scolecomorphids. It is abse~t as a separate 

uni t in rhinatrematids, al though 'i t is coded as being present 

by Nussbaum (1979a). The prefrontal ls present as a, distinct -elament in all potential outgroups exeept anurans. Because 

the lchthyophi ids possess a separate prefronta}, 

cond i tion is considered p,lesiomorphic. 

,~ Outgroup Characters 

. 

that 

Having'arrived at an approximation of the latest common 

àncestor of aIl ingroup members, namely the family 

Icthyophi idae, the putati ve caee i 1 ian morphotype' can now be 

used in establishing the higher order relationships of the 

group. There are a number of crania1 features that have been 
,} 
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cited as evidence of caecilian re1ationships to the 

aforementioned groups. These and other characters are asrribed 

po1arity on the basis of the primitive anamniote tetrapoda as 
, ! 

the designated outgroup. Any character state manifest in this 

latter group ls designated as plesiomorphic. It ahould 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 propoaed ' 

groups. The o~dest lysorophoids, microsaurs and· nectrideans .-
t 
r 

are known from the same Lower Pennsylvanian stage (Westphalian 

D-lysorophoids, B-microsaurs, and A-nectr ideans, B-C

dissorophids). The earliest true anuran Vieraella and the .... --
specimens tentatively identified as caecilians are both known 

from the Lower Jurassic (Liassic), the earl1est Salamander 

from the Upper Jurassic (fig. ,2). 

Braincase (Figure ~4). 
., 

Primitively in tetrapods, the brainc8se' comprises a 

number of distinct elements. Separate elements co~poae J;he 
, ,/ 

occipital arch: exoccipitals, basiocciptal, and sometimes a' 

supraoccipital. The otic capsule Is made up of separa te 

opisthotic and proBtic elements. Anurans, urodeles, 

caecilians and a!stopods exhibit'variable degrees of fusion 

of the braincase. The posterior portion of the braincase, the 

otic-occipital molety is totally fused as a single 

ossification in a!stopods (McGinnis 1967) and caecilians 

(l'). In anurans and urodeles genera! ly the braincase ia 
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!~. Braincases. A. A micros8ur,Rhynchonkos ~Redrawn from Carroll and Gaskiïl· 1§7â).- B. 
A lysorophoid, Brachydectes (Redrawn from 
Wellstead 1985). C. An Af'stopod, 
!h!egethontia (UCMP 62580). D. An anuran, 
X!!! 0 2.!! s ( R Mun c a t: .). and E. A c a e cil i a n 
Dermoph!s mexicanus (UCMVZ 897) • 
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fÙ-J.ly or partly co-os~ified. CO-$sification occura by the 

fusion of the occi,pita1 arch (and presumab1y the basisphenoid) 
\ 

with the opisthotic, and then in turn the fusion of this 

compound e1ement with the pro6tic (ln). In some p:,imitive 

~al'amander families, Karauridae, Cryptobranchidae, and 

Hynobiidae this fusion does not occur (Duel1man and Trueb 
~ 

1986). The braincase of anurans genera11y is made up of two 

paired elements, an exoccipital-opisthotic, and a large 

pro6tic (I").. In sorne anurans (Trueb 1973) and urodeles the 

proBtic and opisthotic are distinct. The otic capsules of 

caecilians and a'lstopods are ful1y fused. The element9 of the 

otico-occipital moiety are total1y fused in caecilians. In 

lysorophoids, and tuditanomorplb microsaurs (with the exception 

of Cardiocephalus sternbergii Carroll and Gaskill 1978:172) 

they are distinct; The dissorophid braincase exhibits the 

..... 
primitive features (Carroll 1964). -

1\ synotic tectum (3) is present primitively in 

tetrapods as the posteriormost element of the 

chondrochranial roof '-. (DeBeer 1937: 393; Heaton 1980). This 

-element is absent in all caecilians (Wake and Hanken 1982). 

It is difflcult to discern exactly the condition in 

microsaurs. 1\~though little 19 known of the dorsal surface 

of gymnarthrid braincase, it does not appear to be roofed in 

the otic occipi tal region. Rhynchonkos bears a very small 
, 

supraoccipital (Carroll and Gaskill 1978), but a roofing 

element unlting the otic 

micro~Jurs aIe tentatively 

) 
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tectum. The synotic tectum is present as the sole remaining 

chondrocranial roofing e1ement in urode1es.' In anuraqs it is 

prese'n-t as one of a suite of roofing elemQnts. There i6 no 

mention of the presence or absence of this element in 

dissorophids "(Carroll 1964). Presence of a synotic tecturn is 

here cons idered pr imi t i v-e, i t s absence der i veg. It should be 

noted here however, that the colosteid braincase possesses no 

posterior roofing elements (Sm~hSOn 1982). The braincase of 

Eryops is complete1y roofed dorsa11y (Sawin 1942). 

The occipital arch of primitive temnospondy1s is devoid 

of a supraoccipital e1ement (4) (Smithson 1982J-." as is 

probab1y the case, in pr irntive anthracosaurs (Clack and Holmes 

in press). Lack of a 9upraoccipital i9 inferred on this basis 

to be the pr imi t ive, cond i tian arnang tetrapods, i ts possession 

is apomorphic. The braincase of A!stopods, being cornp1ete1y ... 
roofed, is cons idered to possess a supraocci pi ta 1 (4') (and a 

synotic tecturn). The supraocciptal is absent among urodeles, 
t) 

"'a n u r ans, cac i 1 i ans. 1 t i s pre sen tin 1 ys 0 r 0 p h 0 i d sas a 1 a r 9 e 

e lem e n tex te n d i n 9 an ter i 0 r 1 y b e t we e n the po st par i e ta,l s 

(Wellstead 1985). It is variably represented within the 

t u dit a no rn 0 r ph m i c r 0 sa urs. 1 t i s ab sen tin 9 yrn na r th r id s 
"-

(Schu1tze and Foreman 1981~~, but present in Rhynchonkos. The 

dissorophid condition varies. Although it is absent in - ) 

Tersomius and !2.2.!.eserpeton, i t i5 presumed ta be present i~'\7 

Dissorophus (Carroll 1964; BoIt 1969) ---,.. 
, 

A neomorphic e1ernent, the operculurn (5), is presen~ in 

the fenestra ovale of many anurans and salamanders, onto , ' 

which attach variously the M. cucullaris minor or thE} 'M. 
/' r 
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L~vator scapulae (Monath l~). Although ita presence is 

variable bet~l.' and wi.thin families of anurans, it appears 

to be plesiomorphic to that order (Monath 1965). It hae been .. - ' suggested as an syna'pamotphy of the 1issamphibia (Parsons 

and Williams 1963), but its presence in caecilians ls 
~ 

equivocal. It was cited by Els (1963) as being fused to the 

footplate of the stapes ~ gyrnnophion'ans early in ontogeny. ln 

no ad u,l t caec i 1 ian i s there a known opercu l urne l t i5 presumed 
"'-, 

here to be absent in caecil ians. Carroll and H01rnes (1980), 

and Carroll and Gaski 11 (1978) restoré thé otic reg 10n of 

Goniorhynchus and sorne other microsaurs (e.g. PantYl~!) as 

having~ an opening between t~e footplate of the stapes and the 

opisthotic border of the fenestr~ ovale (fig). It lB sûggested~ 

by Carroll and Holmes (1980) that this perhaps housed an 

. . ) b operculum slmllar ta that of frogs and sorne salamanders, ut 

there (s no evidence of this. No such structure lB found in 

, 1 ysorophoids or nectr ideans. Among pr imi ti ve saI amander s, sorne 

hynobiids and all cryptobranchids lack an oSBified oper~ulum. 

Its presençe is here designated as derived. 

Prirnitively in tetrapods, cranial ner~e X (vagus) exits 
l, 

~. 

between the exoccipital and the opisthotic (Smithson 1982) 
. . <-

(6), the conliguration found in nectrideans (Beerl:>ower 1963) 

lysoropholds (Wellstead 1984) and dissorophids (Carroll 1964). 

In gymnarthrid and goniorhynchid microsaurs, the toramen is . ~ 

complete 1 Y sur rounded by the exoccipi ta!. It ls particularl y 

evident in Rhynchonkos (Carroll and Gaskill 1978). Although a ---- . 
number of groups display exte~ive co-ossification ot the 
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chondrocranium, the position of this foramen is extremely 

close to, or is on 'the ~dge forming the craniovertebral 
~ .-~ ~ 

j~,.i 
joint. Topographically, it is taken to be within the 

exoccipital. The foramen is located'on this ridge in 

A!stopods, and immediately anterior to it in caecilians. Its 

position in anurans and urodeles, although close to the 

condyle in many forms, is difficult to determine. l hâve 

t;ntatively coded it as within "the fused' 

exoccipital/opisthotic (&-'j. The craniovertebral joipt (7) 

itself exhibits a-Considerable variety of forms. Primitively, 

in tetrapods above the level of the ichthyostegal ians, i t i s a 

sing'le convex unit encompassing the exoccipital~. and the 

basioccipta1. In anurans, urodeles, nectrideans, gymnarthI id 
c 

microsaurs and sorne ichthyophiid caecilians it consists of two 

distinct paired comdyles, lat~ral or ventrolateral to the 

foramen magnum (7"'). In so~ ichthyophiid caecilians, and . ; , 

goniornynchid microsdurs the tw~ condyl"es are jOi~tci. medially-

b~ a small isthmus (7"). Uniquely, thé al'stopod 

craniovertebral joint (1~) i8 a single medial parabolic 

-

con c a vit Y w i th a rai se d (r i m ( Gre 9 0 r y 1 9 4 8 ). P r i mit ive ., . 

micro~aurs and lysorophoids share a condition in which there 
'T 

i8 a single strap-shaped element spanning the"basioccipital 
, l 

and exoc~iyitals (Wellstead 1985), approximating the primitive 

condition. ) 
' ... 1 . . . 

The structure of the stapes (8) 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 LombarQ 1985). This is very similar to the 
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dissorophid condition (B.olt and Lombard 1985). The grol' 

structure of ,the st~pes in lysorophoids, caecilians, and 

urodeles ls simila~ns0'ts of, a large footplatè wit~ a 

short style directe.~ towards the su;pensorium (8"). The 

nectr~idean st"pes is unknown. The stapes of Phlegethontia was 
\. 

restored as having an extremely long, slender style by 

Turnbull and Turnbull (1955) Although the styl'\e of the 
D 

a'lstopod stapes, is unk.nown, the morphology of the footplate 1a 

unique ·in its ventral locati'~n on the brainf. and ~ 
roughly polygonal shape (8"') (Gregory 1948). Stapedial 

morphology is highly variable in the microsaurs, but in the 

, l 

~1 ies Gymnarthridae and Goniorhynchidae "it conforma 'to the 

urodelet' -lysorophoid-caeci1ian type. Gregory.!!!.! 1956 '-..,. 
< ... \ ~ 1 

assert that. the stapes of gymnarthridls caeci 1 ians atstopod. 

, "and urodel es- shar e th'e 'same gross morpho 1 ogy. \ - , 
,- . ~ 

,The ~rimitive condit'lon'of the tetrapod stapes has been 

discussed by Smithson (1982) and Smithson and Thompson (1 82). 

Primitive1y the stapes was a large heavy structure, w 

sm~ll footplate relative to its overall size; and a .. 
- ventrally directed quadrate process. Addi~iona1ly, the 

primitive tetrapod stfàpes bore a stapedial foramen (9) that 

permitted the passage of the stapedial artery (S~ithson 1982, 

Godfrey et al 1987). The primitive condition is,-,present in .... --
lysorophoids, gymnarthrid ~nd goniorhynchid microsaurs with 

the exception of, Cardiocephal~ sternbergi ... dissorophids . 
1 

(Bolt and Lombard 1985) and primitive caecilian •• The 

.~apedij11 foramen is absent in' anuran., an,d urodeles (King.ley-

... 

1.17 

1 
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and~1942). Thete Is a single exception in the urodeles. 

In approximately 40% of specimens of Ranodon, the stapes-ie 

fenestrated' for the passage of the orbital artery, according 

to Schmalhausen (1g68). 

In primitive tetrapods, a re1atively short 

paraoccipital process extends dorsolatera1ly from the otic 
~ 

caps&l e to braee against the skul1 roof (Smithson 1982) (10). 

In keraterpetontid nectrideans that have tabu1ar horns, the 

o tic cap sul e i s ,c 0 n s ide rab 1 Y e x t e;:.9- e d lat e r a l 1 Y ( 1 0' ) • 
• ,1 .... '" 

Similarly in anurarts, the crista parotica of the pr60tic is 

~xtended 1aterally and joins the squamosal. A similar 

arrangement ~s found in urode1es such as Cryptobr?nchus, 

although the otic capsule is less drastica11y latera~ly 
, . 

expanded. The 'otic capsule of caeei 1 ians, micros'aurs, 

1ysorophoids, ~'!stopods bears no significant latera1 extension , 
toward the sku11 roof (10"). 

Goniorhynehid microsaur sand caee! 1 ians uni't:}ue 1 y share 

'an oas!fled p1euro~phenoid element (11) between the 
-

oticocc ipl ta'!. and ethmo id moletles 0 f the braincase (Carroll 
. 

and Currie 1975). The derma1 parasphenoid is distinct from the 

endochondr.al braincase in primitive tetr'apods, frogs, 

aalamanders, microsaurs, dissorophids and ,1ysorophoids (12), 

~1thou9h in sorne of these it may incorporate the b~sisphenàid. 

In caecilians the parasphenoid is fused to the braincase 

,(~arcu8 !! ~l 1935). The a!stopods exh~bit a variable 

condition in which the parasphenoid is either distinct from 

the bra incase (Gregory 1948) or Ina i sti ngui shaby fused to' i tL 

(Turnbull and Turnbull 1955). Paraspheno id fusion ie der'i ved. 
J 
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The cultriform procèss of the parasphenoid '(13) of primiti.,. , 
" 

amphibians 18 a long, slender, tapering structure (Carroll 

1982). A number of d'E!rived conditions are found wi-thin the -
groups under consideration. )'Pe cultriform ,p.;~oce~,f ia a 

parallel-sided, stru~-like st~e in frogs a~d salamanders 

that terminates far anteriorly in a wide transverse suture 

'" 1 .1 with the vomers (Parsons and Williams 1963). In addition, much 

of the anteroventra1 surface of the braincase Iso formed nct by 

the cultriform 'process of the parasphenoid but by a mesial 

extension of the ethmoid unit (13'). In 1ysorophoids, the 

cultriform process narrows- slight1y anterior to the 

basipterygoid processes, joining the vomers at an oblique apex 
~ 

(We1lstead 1985) .(13"). The cultriform process,of miC'tosaurs 

(Ca'rroll a~GaSkill 1978) and .. primi~),v,e caecilians is broad 

posteriorly and narrOW8 rapid1y anteriorly-" (13"~) •. BO~h the 

A'lstopods and the nectridians exhibit the primitive condi~ion 

t of a long slender cu1triform pro·cess. Primitively in 

l 

l ~ 
\ 

'amphibians, and in al1 groups considered here, there i. a 

distinct sphenetprnoid (14). The anterior portion of the 

praincase, the Os sphenethmoida1e in caeci1ians, and the , . 

orbitosphenoid in urodeles is a single, fused endochondral 

element • 

.lalate (1'-1g_ 25) ~ 
• 

The interpterygoid vacuit'ies (15) aré variable ln-

pri~itive tetrapods, ran~ln9 fram closed or very narrow in the 

p~imitve co1osteid temnospondyls i9hthyoatëgalians and 

anthracosaurs, to extremely wide in later temnospondyls (Bolt 
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Various skulls in palatal view. Top: 
Ophiderpeton, an A'lstopod. pt'toni,6s, a 

arthrid' 
nectrldean. Mid4le: Brach de 
lysorophoid, Cardiocep a 
microsaur, Doleserpeton, 
Rana, a (rog, Ambystoma, 

a dis orophid. Bottom: 
a sa 1 amander. (not to 

scale) • 
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1977). The primitive condition i8 probably closed or wlth a 

~ry narrow space between the pterygoids or the pterygoids and 
, 

the cul tr 1 form process. The interpterygoid vacul ties of 

snurans, dissorophids and \lrode1es are extreme1y wide (15'). 

reaching maximum width at the mid1ength of the cu1triform 

process. In contrast those of,microsaurs and caecilians are 

somewhat constricted (15"). The pterygoids are wide1y .. 
divergent from on~ another poste~ior1y, such that the point of .. 
widest divergence of the pterygoids, anterior to the otic 

capsule, ls at or near the basicranial articulation. Ln 

lysorophoids the interpterygoid vacuity is almost entirely 

occupied by the parasphenoid and may have been joined tOI i t by 

cart:ilage (BoIt and Wassersug 1975). A1though the pterygoids 

are-wide1y divergent, the 1ack of an ,interpterygoid vacuity 

approximate's tpe primitive condition. The pterygoids of 

a!Sto~ods are long narrow structures running p~rallel and 

close1yappressed to the long slender cu1triform process (Lund 

1972). Nectrideans exhibit aIl three st;-tes. It is c10sed ln 

jBatrachiderpeton, di~ergen\ posteriorly in Sauropl~ and 

extremely wide in Ptyonius and 'the k-eraterpetontids. The 
j 

pterygoids in addition contact their bllateral counterparts 
- ; 

,anter ior to the pa'rasphenoid, thus exc1 ud ing the vomers from 

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

'the a?va'nee\ form the vomers eontribute to the margin of the 

interpterygoid vacuity. This eharaeter is present in aIl '-'" 

groups eonsidered here exeept, as mentioned above, certain 
• 

uroeord,yl id nectr ideans. 

-' 
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The general tetrapod condition for, the basicranial 

articulation, ab ove the level of the ichthyostegal ians, la 
c 

\ ~ 
that of the pterygoid conta~ting an eminence formed by the 

T~t-~I 

condition is found throughout most of the groups considered 

parasphenoid or parasphenoid and eplpterygoid (17). 

except anurans, urode1es, and keraterpetontid nectrldeans. In 

the anurans and urodeles, the basal ramus of the pterygsdd, 

when present, contacts-pr apposes, the otic capsule (Trueb 

1973; Due11man and Trueb 1986) (17'). The pterygoid lB fused 

to the parasph~no id in the nectridean Dip'l oceraspi s (Beerbower 
./ 

1963) (17"). The anterior ramus of the pterygoid contacts the 

maxillary arch, usua11y indirectly through the palatine 'and, 

~hÊ!n present, the ectopterig.oid (18). The pterygoid does not 

'contac,t the maxillary arch in urodeles, a!stopods, .and 

1ysorophoids, the d&iv~d condition. The three modern orders 

generally have no epipterygoid (rRomer 1970 ; Goodrich 1986). 

An epipterygoid e1ement May, however, be present in the 

hynob~ id sa 1 amander Ba trachupeurus. ,A 11 . other groups have an 

epipterygoid. Possession of an epipterygoid is the primitive 

tetrapod condi tion (19). 

An ectopterygold is present in the pa1ate prlmitively 

(20), and in microsa'urs and Most nectrideans. Most 

dissorophlds, excep't ~eserpetQn, possess an ectopterygoid 

(Carroll 1964; BoIt 1969). It ls absent in aIl the modern 

orders, 1ysorophoids, and advanced nectrideans (Beerbowe~ ... 

(1963) makes reference to an ectopterygoid in Dip!oceraspt. 
i 

but none was found by Milner (1978». , 
. . 

Caeci 1 1al\s are noted for' pOèsession of a row of higb1y 
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specialized palatal teeth paral1eling the marginal row (21').· 

Thia ia 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 RhynchonkJs, gymnarthrids 
-

and nectridians, however, is probably a retention of the 
(j 

primitive tetrapod condition. The lysorophoids have a weIl 

developed row of teeth on the vomers (21") 1 and none on the 

palatine, (Wellstea.Q.. 1985). A similar condition is found in , ~ 

most urodeles (including such primitive genera as Hynobius and 

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

anurans, nectrideans (e.g. Scincosaurus, Urocordyl~) do not 

have a well. developed, row of teeth on,the palate (21,,1). 
\ 

Generally, dissorophids retain the primitive labyrinthodont 
, 

palatal dentition. Fangs 'are present on the palatine and 

ectopterygoid (Tersomius, Carroll 1965). Small clusters of 
L 

vomerine fangs are present in .Q.2leserpeton .(Bolt .1969)( J 

Pedice1late teeth (22) have been noted 'for frogs, salarnanders: 
, , 

• q Doleserpeson, and caecilians, their presence is universal on1y 

, \ 
in the caeci1ians (see Estes·1964, 1965,196.9,1981; Due1lrnan 

and Trueb 198». Possession of pedi'cellate teeth is an 

apomorphy (Parsons and Wi 11 lams 1962). 

Dermatoerartium !.M Suspensorium (Figure 26). ' 

pr lmi ti valy in tetrapods a number of dermal sku11 roof 

.lementa ar~ located posterior to the parietals, including the 
• J 

tabulara, pos~paritals, and (if posterior) the 8upratemporals 
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Figure 26 Various Skulls in Dorsal view. As in fig. 25 
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(23). These uI)dergo reduction in number in a great var iety of 
~ 

lineages. The homologies of post-parietal elements ls often 

difficu1t and has been a cause of much debate. For that reason 

1 treat these units as a whole. There are no dermal skull 

roof bones posterior to ~he paz;ieta1s in ,any of the members of 

,the modern orders. This is take~ to be the derived condition. 

\. Postparieta1 elements are lost, in ph1egethontiid a'lstopods but 

are retained in ophiderpetontids (Bossy 1976) and Lethiscus 
F'" 

(Wel1stead 1982). Nectrideans retain postparieta1 elements. ln 

lysorophoids ~o separa te postpar ie ta l s 1 ie a t the poster ior 

extremity of the skull table. The parietale and frontals are 

usua11y, and primitive1y, di stinct fro.m one another (24). A 

fused frontoparietal i8 present in anurans, and in 

) 'phlegethonti id a!stopods. G~egory (1948) hâs an al ternate 
~ , 

interpretation of the bones composing the sku1l roof of 

Phlegethontia). A parietal foramen (pin,ea1 foramen) ls 10cated 

a10ng the mid-parietal suture in primitive tetrapod~ (25). 
~ 

Ther~ is no parietal foramen in the modern amphibian orders or 

in 1ysorophoids. A parietal foramen- i8 retained in 
, , 

dis80rophids, ne~trideans and most a!stopods. Sorne later 

a!stopods, Ph1egethontia (McGinnis 1967) and Aornerpeton (Lund 

1972), exhibit no p'inea1 foramen. Its presence is variable in 

the gymnarthrid mi~rosaurs, being ~bsent in Cardiocephal~ 

(Broi1i 1904; Gregory et al 1956) and Euryodus (Schu1tze and 
- ..---..... 

For em a n 198 1 ) • 
. 

-.A number of elements intervene betwE)F9 the squamosal and 

the parietal in the sku11 roo.f of primitive tetrapods (26). 

Sguamosal-parietal (26') contact was adduced as evidence of 
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lissamphibian. ancestry by Nussbaum (1979a). Al1 three modern 

orders do possess this trait, but in adddition in urodeles 

and anurans, it'common1y occurs that the parbcci-pital process 

of the otic capsule is exposed dorsa11y between the squamosa1 

and parietal, or frontoparieta1 in anurans (26"). The crista 

\, a'r o't i cao fan u ra n sis the si te 0 f con nec t ion 0 f the 

squamosal (Griffiths 1963) Squamosal-parieta1 contact is 

present in 1ysorophoids (Wel1stead 1985). The diminutive 

squ~OSa1 of phlegetho~Jtiids,contacts the otic capsule (26"). 

oissorophids maintain the primitive condition. 

An otic notch (27) is absent in primitiv,e 

C\ 
l·abyrinthodonts. Although the cheek is embayed, it does not 

ho1d a tym~anum (Godfrey.!!!.!. 1987). The only groups unde; 

consideration in this study that possess an otic notch are the 

Anura and the Dissorophidae. 

"A battery of six bones surrounds the orbit in primitiv~ 

tetrapods. The configuration of postorbita1 bones (28) 

exhibits considerable variation. The postorbita1 e1ements are 

lost complete1y in 1ysorophoids (We11stead 1985), urodeles, 
. 

and anurans (Trueb 1973) (28"). A single element is present 

Ifurrounding the orbit in caeci1ians' (28'). This has been 

ca11ed the postfrontal (alternatively called the ocular 
. 

(Taylor 1969a» but its homology to tha~ element i,n\ e~y 
. 
tetrapods is equivocal. The full complement of bone~ around 

the otbit ls ret~lned ln the microsaurs, dissorophids and the 

nectrideans ~ 15 here considered pri'mitive. The orbit is 

enclosed by bone posterior1y in afstopods, although 
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authorities disagree over whether a postorbital is pr ••• nt in 

the highly derive~ phlegethontiids. (cf. McGlnnls 1967 and 

L'Und 1972). 

A septomaxl11a (29) is various1y absent ..(e.g. 

Greererpeton) or present ( e.g. Phol idogaster, Panchen (1976)J 

in the most primitive known temnospondyls. It is manifest as 

a separate e1ement in batrachosaurs. lts presumed homologue, 
~ 

the latera1 rostral is present as a separate element in 

ichthyostegalians (Schultze 1985). It ls consldered to be 

present as a distinct ~lement primitively in tetrapods. It ia 

present as a separate e1ement in members of aIl the 1 iving 

amphibian orders and the microsaurs. It ois absent in 

a!stopods, nectrideans, and 1ysorophoids. Carroll (1964) 

i1lustrates a septomaxi1la in Tersomlus. It ls evidently 

missing in Broiliel~ (Carrol,l 1964) and Do1eserpeton (BoIt 

1969) • 

The structure of the cheek and suspensorium exhibits a 

wide array of forms among the groups studied. The 

quadratojugal (30), present primitlve1y, la absent in 

1ysorophoids, some urodel.es, and sorne anurans (30").~A 

distinct quadratojugal May be present in a few primitive 
, / 

urodeles (Ro. Cloutier pers. comm.). The anlage of the 
J , 

'" . 
quadratojugal is apparently lused to the squamosa1 unit early 

î in the. development of caecllians (30') (Hanken and Wake 1982; 

Marcus et !l 1935 Hypogeophis). It la present in a!stopods, 

nectrideans and microsaurs. 

Urodelys and gymnophionans are both thought to exhibit 

kinesis (31) aasociated. w\th the suspenaorlum (DeVilllers 1938 
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Car r 0 lIa n d Ho 1 mes 1 9 8 0) ('3 l ). The \.- qua d rat e and s qua m 0 saI for m 

-
a vertical bar ~n salamander~, the fulcrum occuring at thE' 

, 
squamosal-parletal or squamosal-oticocciptal suture (Carroll 

-
and !lolmes 1980) (31'). Caecilian kinesis involves 

;; 
mediolateral movement of the entire cheek region ,(Straub 

,...-. .. 
1.9 8 5 ) • The f u l cru mis u sua 1 1 Y 1 0 c a t e dan ter). ? r l y b e t we e n the 

f,.ontal and maxillopalatine. The kinetic unit articulates )"ith 

the b rai n cas e a t the bas i pte r y g 0 i d pro ces s , and ,,/a .,." the 

stapes-p'terygoquadrate joint (Marcus et al ).935; deJager' 

\ 
1939c) (31"). Lund (1972) reconstructed the cheek of.' 

jlf' 
Aornerpeton as being- highly moti le but this interpretation 

requires further corroberation. The skull roof of nectrideans 

la thought to have been kinetic, but not to have a mobile 

suspensorium (Milner 1980). The quadrate of '. lysorophoids, 

anurans, and mlcrosaurs ls akinetic, the primitive condition 

(Romer' 1950). The check of labyrinthodonts is occluded by 

dermal bone (32), as is that of nectrideans, gymnarthrid and 
\", 

goniorhynchid mlcrosaurs, dissorophids and primitive 

caecilians. It isjl fenestrated in 
.~ 

anurans, ur 0 deI e. s , 

a!stopods, and lysorophoids, the derived conditi1Sn. The 
(iA 

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

incomple~e in lysorophoids and urodeles.' The craniomandidular 

joint 1s located at the level of, or posteri9r to the level 

of the occipital condyles in primitive labyrinthodonts (34). 

It ls clearly anterior to the occiput in gymnarthrid and 

goniorhynchid microsaurs, urodeles, Sorne anurans, caecilians, 
), 

and lysorophoids. ln fact ln the last ofŒ.~ese, as Wellstead 
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(1985) points out, the_ c:raniomandibular joint is anterior to 

\the ~sal ar~ic:ulatio~. :~~'qOnditio~ in anurans ia vari~bl ••. 

A!stopods retai~ the priml~ive configuration • 

... 
~!.!. J a w !..!!2. !ll.2.~.!l2.h~ 

The lower jaw is terminal primitively in tetrapods (35). 

In primitive caèci',l.ians,· gymnarthrid 

micr?saurs, th~ ,low~r jaw i~ subterminal. 
" in all other groups studied here. 

and goniorhynchid 

The jaw ia terminal 

Primitively in tetrapods the lower jaw comprises .s 
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/0f modifications are found in the groups 

studie~ here. The lower jaws of the microsaurs, lysorophoids, , 

dissorophids and nectrideans are essentially primiti've, apart 

from the loss or fusion of one or two Ull;i.nor elements.' The 

lower jaw of phJ..egethontiids, caecil ians, anurans, and 

urodeles all consist of two dermal elements. The distinctive 

caecilian lower jaw comprises a pSCtudodentary and a 

pseudoangular which incorporates the articular. The two 

elements are joined by a long squamous joint passing from 

posteromesial to anterolateral (36'). A similar arrangement is , .. 
found in !h!egethontia (Turnbull and Turnbu11 1958). The 

anuran lower jaw comprises a dentary and an angulosplenial 

( 36 "). The ur 0 d e 1 e 5 a w i s ma d e u p 0 f a den t a ~~y and 
• 

prearticular with a separate articular in SOrne forms) (36'''). 

Anurans and'urodeles possess a~ ossification of Heckel'. 
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cart il a9"e at the mandibular symphysisi known as the 

m_ntomeckelian· (37). It is"an advanced character. It is not 

present in all fr09s but appears to be character i·stic of 
l, 

primitive members. 

Carroll and Currie (1975) poiqt to the possession of a 
'-:'; 

mesial row of t~eth on the lower jaw (38) in Rhynchonkos and 

in caecilians. This condition is not found universally in 

caeci1ians, but 1s found in the primitive members. It is also 

evident in gymnarthrid microsaurs, and certain necttideans 

(e.9. Saurop.!.~). 

An elongate retroarticular (39") is one of the mosl{ 

distinctive caecilian features. Retroarticular processes of 

iptermediate length are found in microsaurs with the possible 

exception of Euryodus primus (Schultze and Foreman 1981) and 

sorne keraterpe"tontid 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 pÔlarization as their is no 

primitive tetrapod retroarticular process for comparison. 
1 

The,hyold apparatus (40) varies widely between "groups. 

The primitive condition of the hyoid ls unknown for adult 

'" temnospondy1s. It has been discussed for Dvinosaurus (Bystrov 
, 

1938) Trimerorhachis (0180n 1979), and Kourerpeton (Olson and 

Lammers 1976). In Trimerorachis, there are five ........ - .... _---------
ceratobranchials, in Dvinosaurus and Kourerpeton four. All of 

the._ forms are presumed to have been perrenibranchiate, and 
Q 

although Trimerorachis and Kourerpeton are fu11y ossified and 
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, -appear to be adult in otherCaspects of their anatomy, the 
. 
retention of the ce atobranchials is inferred to be 

·paedomorphic. Godfrey (1986) reports what he interp~ets to be 

the first ceratobranchial in the 'colosteid temnospondyl 
" ,;s 

Greererpeton. This is the condition found in ph1egethontiid 

a~stopods and is inferred to be primitive. Primitive "" 

caecilians have four ceratobranchials () and 4 fused). Four 

ceratobranchials were reported for the microsaur Panty1uI by 

Romer (1969) (4 O'). Pantyl us i s a tud i tanornrph microsaur l;>ut 

not considered a goniorhyn'chid/gyrnnarthrid. Salamanders .' 
exhibit an array of hyoid morphologYi the primitive hynobiids 

(Edgeworth 1923, Fox 1959, Hecht and Edwards 1976), proteida, 

and the neotenic cryptobranchids, retain four 

ceratobranchials (40'). Wellste'ad (1985) also figures four 

ceratobranchials Chis epibranchials) for the ~soroPhoid 

Brachydectes. The condition is significahtly altered in 

anurans (Trueb 1973), where in adults th~ hyoglossal skeleton 

ls fused into a large plate-fike structure (40"). 

The outgroup characters and the charact'er st,ate 

distributipns are 1isted in Tables 4 and 5. 

~ !h! Prevalen9! 2! Homoplasy 
, 

It ls often conjectured that convergence and paralleliem, 

the independent attainment of apomorphies not present in the 

Most recent common ancestor, are quite common among tetrapods. 

Convergence and paralle1ism are indistinguishable in c1adistiç 

analysis. They are referred to collectively ~y tha term 

homop1asy. The characters that unite the lepospondyl., for 
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i(stance unipartite vertebral centra, have been ~ought by 

many workers to have been independently derived (Romer 1950;, 

Baird 1964; Thomson an-d Bossy 1970). It has furt,her be-en 

8uggested (Sober 1986), that conservative characters, those 

less susceptible to undergoing homplasy, would be more 

reliable indicators of rela,tionship, as i-t would be less 

11kely that a homoplasy would he misconstrued as a 

,.synapômorphy. Of course such characters can only be discerned 

t h a t i s, aJ ter the c 1 a d 0 g r a m h a s b e e n 

construct~d! 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 

chararters. For this reason it is important to know the a 

priori likelihood of any single similar apomorphy between any 

two groups be~ng a homoplasy. It is possible ta 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 

also be homoplasies. In discussing the assumptions of 

cladistlc analysis, 1 made' the point that it is il!1perative , . 
that if one ia 

analysis, .-ehat -
to infer certain properties from a cladistic 

no contingent statements ab~ 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. 

1 have attempt'ed to develop an index of the overall 

.' 
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prevalence of homplasy for the outgroup analysis. 1\ is shown 

in Table 6 • The nùmbers above the main diagonal repf\!sent 

the total number of apomorphic features shared between aIl 
, 

groups. These are calculated from Table 2 by counting aIl 

pair-wise combinations of the same apomorphic state for aIl 

characters. The numbers below the main diagonal represent the 

number of homoplasies between each group. This quantity is 

calculated by counting aIl pair-wise (apparent) homoplasies 

between groups from the resultant cladogram, including those 

characters, listed above, that change within terminal taxa 

The total of aIl cells below the main diagonal is the 

proportion of raw apomor~hic similarities between groups that-

is the resu 1 t of ap'parent homolasy. The total number of pair-

wise shared'" apomorphies is 211. The total number of pairwise 

homoplasles 18 73. The index of homoplasy is 34.6%. The 

implication is that any shared a~om~rphy of any of the two 

groups in this study, chosen at random, has a 34.6% chance of 

being a homoplasy. This is an alarmingly high sta~istic, 

which supports the long-held suspicion that homoplasy is 

qui t e a c 0 m mon 0 c c ure n c e li n the p. h Y log e n y. 0 f I 0 we rte t ra po d s 

at leaat. 
f 

. ,The nectrideans and dissorophids show the highest number of 

homoplasies, 24 and 23 respectively. With the remôval of these 

two groups the index of ~omoplasy diminishes (26.3%). One can 

-
ded.uce that the characters used are better indicators of the 

interrelationships of anurans, urodeles, lysorophoids, 
. 

at8topods. microsaurs and gymnophionans, ~han of aIl groups 

combined. The upshot of the prevalence of homoplasy ia that a 
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-simple enumeration of similarites between groups "(whether or 

not they be apomorphies) is not sufficient grounds for 

hypothesizi ng close relat"ionships. The preva~nce of homopl a.y 

requires of a systematic,.ana1ysis that it adhera to a weIl 

formu1ated system for arriving at the most parsimpnious 

possible combination for the characters~employed. 

It is a1so informative to determine the preva1ence of 
/ " 

homoplasies between characters. The number of homop1asies in a 

character is the humber of its independent derivations, minus 

1. Out of ~he total of fort y characters used, twenty ~ive 

(62.5') undergo at Ieast two independent derivations of the 
" ~ 

apomorphic state (or states). Twenty undergo on1y one 

homoplasy. Four undergo two homoplasies (three Independant 

derivations of the advanced state); and one undergoes three 
. , 

homo~lasies, for a total of thirty one char acter homop1asié •• 

The types of craniai characters vary only slightly in 

their propensity for hômoplasy. Nine characters of the -0 

braincase, ineluding the dermai parasphenoid (1-14) (64.3\> 

undergo a total of ten homoplasies. Six of eight (75.0~) 
• 

~haracters of the palate (characters number 15-22 inc1uding 
\ 

the epipterygoid) exhibit seven homo~lasies. Characters of the 

dermal skull roof (23-33) are not significantly more 1ab11-e 

\pan thii overail average. Eight of eleven (72.7\) converge, a 

total of otwelve homoplasies. Two of the seven (28.6') 
• 

characters of the lower jaw and hyoid apparatus undergo a 

total otl1:wo homoplasies. (Combined total, 31). 
.. 

It was SU9gested by Hecht (1~76) and Hecht and 
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!d,warda (1976) that charact-ers whose apomorphic conditions 

fP'" ~ 

involve the loss ~r fusion of distin~t elements are , 
l' 

particularly susceptible to homoplasy. Thus-' they are more .. .' 
likely to lead the investigator to misinterpret homoplasies 

as ev idence of common ancestry. Seve.pteen of the fort y 

characters (42.5%) are of this typ~. "Together they account 

fO,r '~48.4%) of the total' number of homoplasies' (31). 

Twelve of the seventeen are homoplastic, (70.6%) not 
.' 
subs·tantially higher than the"'overall average. Chi-squared 

analysis does not show any of the differences between the 

propensitles of different types of charicters to undergo 

homopl~ to be significant at the 0.05 level. 

In summary, as has long been suspected, homoplasy 19 

prevalent. The index of homoplasy~for al1 groups presented le 

34.6%. This number ie slgnificantly reduced if ~ctrideans and 

a!stopods are deleted (28.6%). Hènce t e probabil ity of any 

apomorphy shared between-any pair of erminal taxa being a 

homoplasy ls 34.6%. Characters invo1ving 10ss and fusion are 

not more 1 ab il e" than othêr types of char acter s, and thus are 

equtrl Y valid as indicators of phylogenetiODrelateàness. 
~ 

.', C -
.. \ 

" 

.!! pr.vioua 1fypotheses 

Among the previous hypotheses considered, the studies of 
----,,' 

Gregory et\!! (1956), Schma1hausen (1968) and Carroll and' 

Hoimes (1980) 8gree with these results as regards the sister 
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group of the gymnophionans. None of the hypotheaea ia, 

isomorphic with the phylogeny presented here but ~at of 

Schmalhausen (1968) is the closest fit. Schmalhauaen'. 

phylogeny and this concur in placing the microsaurs as the 
.>\ 

p r i mit i v ,e sis ter 9 r 0 u p ( a -n ces t 0 r ) 0 f c a e cil i ans, and 

lysorophoids as a primitive sister group (in part at least) of 

urodeles. They divèrge on the placement of the anura and 

dissorophidae. None of the previous hY90theses encompassea al 

wide a range of groups as this study however, so dikect 

comparisons may not be appropriate. 

\ 

, " 1 
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CONCLUSIONS 

t&. 

\ 
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 plausible sister group among 
o 

those discussed is the tuditanomorph microsaur complex of the 

Gymnarthridae an~ Goniorhynchidae. Contrary to the commoryly 

held view, the caecilians would not be included in a 

\.. • A monophylet1c group w1th anurans and urodeles that d1d not al::.o 

include microsaurs, lysorophoids, and pertps nectridians. 

l Temporal fenestration 

The condition of the skull roof, whether fenestrated 
\ 

or not, is not considered as a character in the ingroup 

cla~ogram. However, the in~r'oup analysis suggests that the 
. , 

ess~ntla1ly closed skbl i roof as found in most ichthyophiids 

is primitive for the caecilians. The closed sku11 roof is a1so 
IJ 

• seen in microsaurs, nectrideans, and primitive temnospondyls •. 

lb cannot be used to denote phylogenetic relation~hips between 

~' any of these groups as sugge sted by Gregory ~ ~l ~ 19~6 r-" 
Schmal,uusen (1968') a"nd Carroll and Currie (1975) as It lS a 

1:::, .. 
tetTapod pl es iomorph.y. The condition of the sku11 roof , 

~ , '\ 
\ 
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whethe~ open or closed disqualified as an outgroup 

charac ter in the of relationships within the 

c a e cil i ans. l t i s s ho w n t 0 b e ex t r em el y 1 ab i 1 e w i th i n the 

group and 50 even if it w'ere used it might not permit 

confident phylo<)enetic inference. ~However to question the 

utility of skull fene~tration as a taxonomie character i8 not 

to\ deny i t i ts func tiona 1 signi ficance for the caec i l\lans. The 
/ 

outgroup analysis does incorporate skull fenestration as a 

characteristic. In the major tetrapod groups studied hare, 

skull fenestration is 111uch less labile than in the caeci1ians. Il 

The ingroup and outgroup resul ts permit a discussion of the 

/ 
functional and phylogenetic significance of temporal 

fenestration in caecilians, and in amphibians in genera1 • 
• 

l ngroup 

---
Tha t caec il ian stegokro taphy i s struc tU! a 11 y di f f&ten t 

froJIl the c'losed skull condition in stegocephalian amphibians 

is often cited in support of the contention th!t it is a 

seeondary acquisit<1on within the order (NUSsbaun{ 1977; Wake 

and Hanken 1982). The contention is that as the dermal 

é1ements that intervene between the squamosal andfar ietal 

(in'tertempora1 and supratempora1) in pri'lnitive tetfapOds are 
~ 

absent in gymnophionans, the contact of the squamoea1 and 

pa r ieta 1 in caee il ians rePFesen ts the ext'ans ion of one 0 r both 

of these e1ements into a gap created by the 10e8 of the 

intervening bones. There is good evidence for this within the 

Scolecomorphidae (Nu8sabaum 1985 and pers. comm.) The 
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c1adograms of figures 21 and 22 however, demonstrate clearly 

that squamosal-parietal contact is independent of the open or 
, 

closed nature of the skull roof. Squamosal-parietal contact is 

attained ind~pendently in the open-skulled lysorophoid-

a!stopod + anuran-urodele assemblage and within the closed-

skulled nectridians and caecilians. It appears to have been 

acquired numerous times ln a var ie ty of tetrapod 1 ineages: the 

adelogyt:inids (Carroll 1967), primitive captorhinomorpl'ls 

(Carroll 1967; Clark and Carroll 1973), diadectomorphs (Heaton 

1980) and others, without the prior existence, phy1etical1y, 

of a temporat fenestra.' The absence of derrnal e1ements between 

the squamosal and parietal, then, does not preclude 

stegokrotaphy fro~ being primitive. One shou1d be wary of 
1 • 1 

Interpretlng too l'terallY the homolog les between Slmi.l arly 

n am e d bon e s 0 f ca e cil i ans and 0 the r 9 r 0 u p 5 • Mar c u s et!.!. 

(1935) :identify separate 
.., 

are a s 0 f 0 s s i fic a t i o.n in the 
... 

s qua m 0 saI, and su 9 g est: th a t the che e k uni t i sac om pou n d 
-' 

element formed by the fusion of a nurnber of separa te bones. 

Zygokrotaphy occurs rnainly in three families, the 

Rhinatrematid'ae (both genera), the Sco1ecomorphidae (one of 

tw6 genera), and the Typh1onectidae. There ar~ thr~' 

reasonably distinct morphologies of the open sku11 conditio~ 

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

minor openings in sorne dermophi?s, ichthyo~hiids, and in 

Uraeotyph1 us. 

In the rhinatrematids, the fenestrae are e1§ngate ., 
antero1orsally. No portion of the parietal is in contact with 

th)r cneek. Uniquely in this family, a process of -the 
\ ., . 
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Figure 27 
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A compar i'son of zygok. rotaph ic caeci l i an 
sk.ulls. A Epicrionops, a rhinatrematid. 
(Redrawn from' Nussbaum 1977). "" 
B.Scolecomor us, a scolecomorphid. C. 
Typh onectes, a typh 1 onect id. (9 and C 
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 occup-ies some of the volume of the adductor 

c hambe r. The structure of the t Y P h 1 0 n'l ~'t i d fenestra differs 

l'n possesslng a frontal-squamosal suture at its anterior 

extremity and a closely apposed, or sutured quadrate and 

par i e t a 1 p 0 ste rio r 1 y • The pte r y g 0 i dis -f use d t 0 the 

quadrate. The scolecomorphid conditlon differs from both of 
~ 

the rhinatrematid and the typhlonectid configuration, in thllt 

the maxillopalatine contributes a substantial portian to the 

anterior border. There is no discernible quadrate or 

pterygoid, the suspen",~ium being represented by a diminutive 

cartilagenous element. In some zygokrotaphic forms, there Is 

no po ste rio r con nec t ion b e t we e n the che e k u I\i tan d l he s k u 1 1 

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

e lem e n tas the pte r y g 0 i d in 0 ne s p e c i men 0 f Seo l~~~ 

kirkii. The three main types of caecilian zygokrotaphy are 

SUfficientl\ different t ha t i t i s pro b a b 1 e' t h a t a 1 1 three 

types are independently derived. 

Most of the conjecture concerning the functional 

significance of zygokrotaphy surrounds the speclallzed 

fossorial, or semifossoriai nature of Most caecilians. The 

majority ~f authors claim that zygokrotaphy is primitive and , 
attribute the evolution of secondary stegokrotaphy ta 

selection for improved fossoriailty. As 

out,\ a sLl t strong a-~d terete head Is 

form for locomotion beneath the surface 

, 
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argued that seleeti~for fossoriality in eaeei1ians would aet 

to mOdify a primitively weak skull configuration 

(zygokrotaphic) into a strong one (stegokrotaphic) (deJager 

1939c; Nussbaum 1977; Wa"e and Hanken 1982). Despite the 

paueity of natuta1 history information, there does seem to be 

a correlation between possession of stegokrotaphy and the 

~egree of fossoriality. The zygokrotaphic typh10nectids are 

aquatie (Taylor 1969b). The rhinatrematids and~the weakly 

~ stegokrotaphic iehthyophiids are found most commonly in 

euHace vegetation, in or under rotting logs, or under rocks 
"'-

(Ramaswami 1936; Nussbaum and Hoogmoed 1979), whereas strongly 

stegokrotaphie forms are usually found in the topsoil layer 

under the soil surface. ~e rough correlation however does not 

suffice to ascribe polarity to the condition of the sku11 

roof. 

Bearing in mind the potential pitfalls of the arg~ment 

by analogy in evo1ution, it is still quite il1uminating to 

compare the hypoth~sis that selection for fossorial i ty leads 

to e10sure of a fenestrate skull to the strategies found in 

other burrowing tetrapods. Amphisbaenid 1 izards are small, 

1imbless, fossorial forms that superficia1ly resemb1e 

caeeilians. The head is hig.h1y specialized as a digging 

structure. The sku11 has undergone extensive con~olidation and 

compaction over the condi tion seen in Most 1 izard's (Gans 

1960, 1969, 1974). As a result of the eompaction, the 

temporal fenestrae are greatly enlarged at the expense of the 

lntervening arches such that the adductor muscle mass is 

uncovarad and has expanded latérally and dorsally. The jaw 
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adductor muscu1 ature orlg Inates on ~he ,bra incase wa 11 (Gans 

1960, 1969; Taylor 1969; Berman 1977). 

Snakes are thought to have arisen from a fO.80rial 

squamate ancestor. As in amphi sbaenians, the .ku1l of snak •• . 
ls sma11 and consolidated. Fossorial adaptations are moat 

" 

strikingly expressed in the family Uropeltidae (Gans 1973). In 

a specia1ization analogous to that of amphisbaenids, the 

adductor musculature is greatly expanded, and the bony 

coverings of the primitive adductor chamber are lost. Similar 

trends are apparent in bur~ow~ng scincomorph lizards (a.g. 

Acontia; Rieppe1 1980). 

_ In each of the above instances, specialized burrowers 

have evo1ved independently from àncestors with feneatrate 

s k u 1 1 s no t b Y c los ure 0 f the ex i st i n 9 f en est r ae, as ha 8 b e'a n 

suggested for caecijI. 1ans, but by their en1argement. As a 
• 

consequence of the compaction of the skull necessltated by 

fossorial existence, the jaw adductor musculature has 

undergone relative expansion beyond the confines of the 

primitive adductor chamber. The only caecilians in which t~e 

adductor musculature extrude~ through the skull roof are the 

rhinatrematids. As the opposite strategy has occurred in the 

skul1 roof of caecilians to that seen in other burrowing • 
tetrapods, it is not unreasonable to postulate that the 

caecil ian condition, unI ike that of amphisbaenids and 

uropeltids, 18 derlved from an a~cestor that lacked t!mporal 
, 

fenestration. The relative expansion of the jaw adductor .. 
musculature, necessitated by the reduction in s\ull Bize, 
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ap'pear Il not to ha ve been effec ted by t he M •. Add uctor 

Mandibulae mass, a physical impossibllity if the adductor 

chambre is occluded by bone. Instead, the action of the 

adductor mass was augmented by the elaboration of a novel jaw 

levator system, the M. Inte~hyoideus Posterior.(Nussbaum 

1983). Thi a scenar io, 1 i ke i ts contenders, cannot be tested .. 

However, it is the one that is most compatible with the 

resulta of the ingroup analysis for this study. 

Outgroup 

Above the level of dissorophids in the a.ûtgroup 
. -

cladogtam (fig. 22), there is a major bifurcati~n that 

apparently occurred early in tetrapod history. One Qf the rami 

il made up of the lysorophoids, a!stopods, anurans and 

urodeles (group 5). The oth~r contains the microsaurs and 

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

'trom one another by the condition of th'e skull roof. The skul'l 

roof of group 8 members is feriestrated; the skull roof of 

group 5 members is stegocephal!an. Temporal fenestration ls 

the darived condition. 

In ·three of the .groups, a'burans', urodeles and 
.. J. 

lyaorophoids, the temporal fenestration ia extensive. Hanken 

and Wake (1982f suggeated that parietal-squamosal contact 

(26') was associated with the developement of temporal 

fenestration in amphibians. Squamosal-parietal contact occurs 

at the internode uni.ting these gro~ps, Vut not uniquely. 
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Squamosal contact with the parietal a1so charact.~ize8 the 
~ 

caecilians, who do not appear to have been d~ived from open-

skulled predecessor. The only character that transforms 

uniquely at the node subtending group 3 is the 10S8 of 
e;: 

\ - postorbital elements (0 -) 28"). It is tempting to conjecture 

tf\at the fenestration seen in snurans, urodeles, and 

lysorophoids is assoèiated with, and has heen attained 

through, ehe loss of the derma1 elements posterior to the 
" 

orbite The nature of the fenestration of the skull, and how it 

has heen attained 1s of great significance for the argument of 

. . . ~ 
Ilssamphlblan monophyly. It has been shown here that the open 

sku11 c-ondition was derived within the caeci1ian~ and ia an' 

êssenti..,a1ly different structure. 

tissamphibian Monophy1y 

Reviews.of extant ampihibians or amphibians in generai 

have tended to view the modern orders as constitutlng a 
j ,,' 

monophyletic a's.aemb1age. The trend has been particularl.:y,,~, 

plG(lounced in recel?t years (Noble 1931; Parsons and Will lama 

~ 1963~Ù~t~s 1.965; Cox 1967; Ouel1man'and Trueb 1986). Among " 

the characters tha.t a11egedly unite the three living group. ~ 

are the presence of pedice11 ate teeth (Parsons and Wi 11 iam. '" 

196 2), ,c u tan e 0 U s r es p ira t Ion ( C 6" x 196 7), a p r om 1 n. n t 

parasphenoid, green bodies in the retina (P~8~~. and William. 
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1963) and a larval stage. The.life hist9ry, thermal regime, 
\ . . 

respiratory physiology '(Cox 1967), and sensory structures of 
~ , 

the eye and inner ear (Lombard and BoIt 1979), de1imit the 

modern amphibians as a biologically diStinct- group 'among the 
r 

living tetrapods but as there is no extant plesiornorphic 

alster group within the Tetrapoda~ and as pa1eontologica1 

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 tetrapods. 

"JI 

The most thorough recent ana1.ysis of 1 issamphibian 

monophyly remains that of Parsons and Williams (1963). Their 

consideration of the tissamphibia unfortunate1y, largely ignores the 

caecilians. Hanken (1986) emphasizes that caecilian anatomy 

and development is comparativ'e~y' poorly known. As Gregory ~ :~ 

!..! (1956) ~~oint out, it has often been assumed that if a 

plausible lrgument can be made for anuran-urodele affi'bities, 

the caecilians would automatical~y be inciuded in that 

assemblage, perhaps a consequence of the propensity of eariier . 
workers to ally the c'1ecilians with the urodeles. As is 

evident from the skuli 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 10ss of the 

postorbitals, caecilian temporal fenestration is formed by a 
. , 

failure of the cheek and sku11 roof ossification centres to 

occlude; it is probably a paedomorphic trait. Tooth pediCe11Y\ 
\ 

ia probab..ly independent1y derived in aIl living orders (see \ 
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fig. '22 and Table 5) or perhaps a synapomorphy of anurana and' 

urodeles. The two interpretations are equally likely. The 

cl,adogram in figure 22 sU9gests that there are no apomorphies 

shared by the three modern orders that are not also shared by 
. 

lysorophoids and microsaurs. It is high1y improbable that the 

Lissamphibia, as commonly conceived, is a natural assemblage. 

Anurans and urodel es are shown to Il share 26 (perh~s 29) 

apomorphic features, 13 of which are a1so shared with the 

lysorophoids. Anurans and urodeles do share 13 (perhaps 16) 

synapomorphies exclusively. A compel1ing case can be made for 
~ 

a monophyletic Lissamphibia if the caecilians are removed. 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/urode1e 

sister group re1ationship can be formulated. In light of this, 

a minor divagation would not be inappropriate. 

The a~uran-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 10ss or fusion (fig. 22 and Table 5). l shall 

concentrate the following discussion on three characters that 

do not emerge at the internode immediately proximal to the 

" anuran-urodele divergence; these are the presence or absence 

of postorbital elements (28"), the relationship of 'the 

pterygoid to the maxil1ary arch (18), and the emargination of 

the cheek (33). 
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l t h as. b e e n r e c 0 9 n i se d i n a nu m ber 0 f 1 i n e age s t h a t.... 

severe Jeduction in the size of the sku11, as has taken place 

i n 'm 0 S t ~ i vin g am phi b i ans, car rie s w i th i tan u m ber 0 f 
Cl 

pred ictable morpho 1 og ica 1 ceri: et a te s. Among these are the loss 

"" and fusion of elements (Aanken 1983, 1984) an~ an increaSe in 

thé relative size of sensory structures. The size of an image 
"-

forming eye has a restricted minimum related to the maximum 

l 
number of retinal cells per unit area (Walls 1942: 170-1). 

Likewise, in order that the function of the inner ear be 

malntained, there is a minimum diameter of the semicircular 

canals determined by the viscosity of the endo1ymphatic fluid 

(J.9nes and Spells 1963). Minimum size of the brain is also 

const.rained. Hanken (1983) has shown the effects of phy1etic 

decrease of skull size on the crowding of sensory structures 

in the. very smal1 pleth080ntid sa l amanders (genus Thorius). 
4 

The force of a muscle is'a1so size rel'ated; its contractil~ 

strength is proportional to irs crossectional area (Gans 

1966): Its excursion is dependent upon its length. The 

distance through which a muscle can contract is an additive 

funct ion of the number 0 f l inear 1 y arranged myof ibr ils (Gans 

and Bock 1965). Its contractile strength a1so decays as a 

function of the distance of contraction, 50 a longer muscle 

mass will have a wider range for effective, contraction (Gans . .. .. 
p 

1966). Rieppe1 (1984) has characterized the .. tetrapod sku11 as 

being essentia11y a bony tube within a tube,_ As the size of 

the inner tube (braincase and otic capsule) grows relative to 

the ,outer (derma1 sku11 roof), with decreased head size, the 
;. 

space between them, occupied by the jaw adductor muscles 
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becomes progtessivelY 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 select·ive pressure- for the fenestration of 

anurans and urodeles. Caecilians augment the the skull in , 
1 

adductor mass in an entirely different way, by elaborating ilhe 

gular add'Uctors. 

Carroll and Holmes (1980) have recently countered the 

standard view of lissamphibian"monophyly by arguing that the 

strategies followed by anurans and urodeles in fenestration of 

the s\<ull roof and the increase of the jaw adductor mass are 

essentially different (see fig. #-~O). In urodeles the ventral 

margin of the skul,l is incornplete, and fenestration,. they 
J 

cl a im, \ " 
lS formed by the emargination of the chee\< region, 

similar to the condition in hapsidopareiontid microsaurs. This 

permits the considerable expansion of the MAM Externus and MAM 

Internu9 divisions of the adductor musculature. In contrast, 

the fenestration of anuran skulls ls formed by à posterior 

extension of the orbit, and the HAM posterior is greatly 

~xP~ded • 
lI~t pret 

'-

In developing their argument Carroll and Holmes 

the similiarities as simply correlates of smali 

~ ze, and therefore not indicati ve of common ancestry. l' ls 

highly probable that the cranial similarities of skull 
"-

structure between these groups are attr ibutable to small size. 

The exigencies of smali skull size are quite stringent, but 

identifying the efficient cause of the similarity, small size, 

does not inform us about the formal cause, patristic 
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relationship or independent acquisitipn. 

As ~scussed above~, the open skull of anurans and 

urodeles corresponds with the absence of postorbit~~ e~ments 

(28"). Figure 22 and Table 5 reveal that sku11 fenestration 

attained by loss of the ~storbital elements in lysorophoids, 

ur 0 deI es and an ur ans, a 1d em a r gin a t ion 0 f the che e k are no t 

two distinct, mutually elÇcTusive 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 and anurans 

(

' probably had a gymnokrotaphic skull with the adductor 

musculature bulging through- or passing through the fenestra. 

The 1055 of the ventral cheek margin appears to have œceurred 

subsequently in urode1es, perhaps permitting the enlargement 

~ 

of t-he MAM Externus seen in Many salamanders as a second~ry 

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 a distinct morphology of 

the pterygoid. It is re~uced in size aOnd closely associated 

wlth the supensorium. ~he pterygoid is usually associated with 

the otic capsule rather than the parasphenoid. The anterior 

ramus i9 much reduced in both orders but the similarity does 

not occur as a synapomorphy in the cladograms. The major 
t 

difference between the tlo states for this character is that 

;~ anurana "the PterY~CheS the maxillary arch, 

I,'l 
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connecting with the maxilla at the ventral margin of the 

skull, whereas in, urodeles it does note There la no ventral 

margin with which to connecte If the emargination of the eheek 

is a recent acquisition of urodeles, it ls plausible that the 

disconnection of ~ pterygoid and the maxillary arch is a1so. 

The simi1arity in the structure of the anterior ramus of the 

pterygoid may a1so 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 clanial 

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-urodele 

affinities exclusive of the caecilians warrants further 

consideration 

!Il ~ Adductor Apparatus of Caecilians 

The major point of departure of this'classification of 

caecilians from Most other recent schemes is sirftply the 

inversion of the relative primitiveness of the families 

Ichthyophiidae and Rhinatrematidae. While this is only a minor 

difference, its functional implications are immense. As there 

are no apomorphic features shared between rhinatrema tids and 

aIl other :amilies, it appears that two~~ite distinct.groups 
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emerge from an lchthyophiid or ichthyophiid-like ancestor very 

early in caecil ian history. The rhinatrematids are 

distinguis~ed by· twelve autapomorphies, five of which are 

components of the skull roof and jaw apparatus. These are 

cheek attachment (20), recessed Iower jaw (24), retroarticular 

process inflection (25), extension of the M .• Adductor 

Mandibulàe Internus mass through the temporal fenstra (28) and 

a single M. Interhyoideus posterior (27), oriented 
"III 

transversely between the jaw rami. In the lineage comprising 

aIl other families except ichthyophiids, despite a high degree 

of variation of a1l characters within and between groups, the 

same state for each of the five jaw apparatus characters 15 

shared by aIl families (fig. 21, Tables 2 and 3). The 
... . 

Inference can be made from th!a that,these characters compose 

a functional sui~e of features associated with closing the jaw 

and that two relatively distinct patterns of the jaw and jaw 

musculature are present in the caec i 1 ians. Given that the . ., 
rhinatrematids bear the apomorphic condition aIl 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 (1983). The su·ite of features associated with 
\ 

rhinatremat~ds, as diseussed by Nussbaum, include a large HAM 

lnternus 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. 
1 
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The mouth is terminal. The retr~arti~r proees8 ia 

comparatively" short and not reflected dorsally. The suite of 

features exhibited by aIl other caeeilians ineludes a small 

MAM mass, that does not originate beyond th(! primitive 

adductor chamber irrespective of the condition of the skull 

orjented M. 

retroarticular 

roof, a dominant, obliquely Interhyoideus 

posterior, a variably deflected process, and a 

subterminai mouth. Whichever way polarity ls drnwn, those 

characters listed by Nussbaum (1983) as fentures of(the unique 

Jaw closing apparatus of caeciians are also those that 

distinguish the two major lineages above the ichthyophiida in 

th~ results Of this study. There appears to be compelling 

evidence that two distinct strategies of jaw adduction have 
'; t> 

evolved in two separa te lineages of caecilians. One, found in 

r h i n a t rem a t i d 5, ha s d e e m p h a s iaz e d the ' nove l' j a w ad duc t 0 r m a Il S 

(MIp) and expanded the MAM mass, concomitantly, the mandibular 

, 
rami have been lengthened over the primitive condition, the 

retroarticular process shortened and straightened. The other, 

characteristic of aIl groups except the ichthyophiids, and to 
'\ 

some extent· the ichthyophiids themselves, has emphaslzed the 

'novel' jaw adductor mass to varying degrees, dt!creased the 

length of the jaw rami, and increa~ the length and angle of 

inflection of the retroarticular process. 

The question of the jaw apparatus compos!ng a 

functional suite of features and the question of its 

signiflcance in the evolution of the unique caecilian craniai ~ 

are ad d r e s s e d i n m 0 r"e de t ail in the folIo win g cha pte r • 
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INTRODUE:TION 

The previous section suggesy basad 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 re1ationships, taking the famil~ Ichthyophiidae as the 

most p1esiomorphic living member. In this section l supplement 

the systematic ana1ysis of the ingroup by quantifying the 
, 

re1ationships of the characters used. In this way it is hoped 

that further inferences can be made about .the function and 

evol"ution of the highly derived caecilian sku1l. 
./ 

An early bifurcation within the caecilians is evident 

from the ingroup c1adogram. One branch contains the 

rhinatrematids, the other is made up of a11 families except 

the ichthyophiids (fig 21). The two major groups above the 

level of the ichtHyophiid-1ike stem group are differentlated 

largely by e1ements of the jaw and jaw musculature. The 

rhinatrematids possess an open skull roof, through which the 

musculature extrudes, and a comparatively short and straight 

retroarticular process. The other major assemblage elaborates 

the primitive 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 oceur 
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between them. 

The interdependenee of morphologieal features is of 

considerable biologieal interest. The jaw and jaw musculature 

of caeeilians amp1y illustrate this point. Not on1y do the 

charaeters exhibit close correspondence, they also seem to 

define two quite distinct groups of caecilians. At a more 

general level,.th~ jaw structure establishes caecilians as a 

highly distinctive tetrapod assemblage. This suggests that the 

structure of the jaw apparatus is of fundamental signi ficance 

to the evolution of the group. 

Functional Suites of Features 

In the prev ious chapter, 1 surmised that the jaw 

apparatus constitutes a functional suite of features because 

of their correspondence in the ingroup cladogram. The actual 

r~nition of functional suites is not that straight forward. 

Although it is necessary that elements of a functional complex 
~ , 

are correlated in some way, the simpl~ correspondence of 

character states in a cladogram is not a sufficiently ~trong 

basis for the conclusion that they do indeed constitute a 

lunctional suite.'Charaêters can be associated by chance or by 

necessity~and their simple distributioy in a cladogram does 

not al'low one to tell the difference. It must a1so be shawn 

that the correspondence is obI igatory. If features of an 

organiam conjointly perform some function then their rates of 

phy10genetic change wi~l be coup1ed in sorne way. This presumes 

that a change in one element necessitates a' concomitant change 

in the others,if optimal fûnction~is ta be maintained. There . . 
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is a common causal structure between elements of a lunetton.1 
. 

suite of features that accounts for the correspondence between 
" 

them and tnat is presuméd not to exist between other 

characters. If that causal structure can be revealed, then 
\ 

there is ample reason to conclude that the features under 

investigation are part of a functiona1 suite. 

In tetrapods, rates of change of morphologieal features 
f -

general1y show high correlations in both ontogeny and 

phylogeny (Gould 1966). This is attrlbutable to the existence . , 

of genera1 growth factors (Jo1icoeur 1963; Jo1icoeur and 

M08siman 1959), i.e. as an organism grows, so do its 

constituent parts, or to the phy)ica1 requirementa that 

overa11 size imposes on structure (Thomp.son 1942; Gould 

1966). In recognising functional suites, the covariances 

between individual characters are of mOre interest than the 

unifo'rm effects of general size On aIl characters. , 
Interdependence of characters over and above that caused by 

general growth or size mU$t be demonstrated. , 
1 take the conclusions of the last chapter as the 

h-ypotheses of this chapter. These are that the jaw apparatus 

of caeci1ians constitutes a close1y related functional suite 

of features and that the rate and direction of change of thes. 

characters show evidence of common cause additional to the 

factors that account for the genera1 correlations between aIl 

cranial features. In addition, the structure of the jaw 

apparatus should account for a large pçoportion of· the 

quantitative morphologieal differences between the two major 

branches of caeeilians (see fig 21). Differene.. in jaw 
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.tructure between the major groups,are predicted ·to be larger 

than those within the major groups. 

Miniaturization ~ Fossori~lity 

Generally, caecili~n skulls are small. The smallest 

adults in this sample have total skuli lengths similar to 

those of plethodontid salamanders (Idioeranium observation 

• 7 3 • 4. 15 mm, S i ph 0 n 0 p s • l 3 2 == 6. 3 8 mm, A f roc a e e i ll..! Il 2 2 == .. 
6.60 mm). Additionally, the structure of the skull is thought 

t~ be weIl adapted for burrowing (Dunn 1942; Taylor 1969; Wa~e 

and Hanken 1982). The advantage of small skull size to 

fossorial animaIs is intuitively quite obvious. A small skull 

ia eaaier, to push through the soil than a large skull of 

similar shape. The cranial specializations required for 

burrowing are not those usually seE!n in small-skulled 

tetrapods. Miniaturization of the eaecilian skull must meet 

concurrently the often eonflicting requiremehts of small skuli 

size and burrowing habit. A greater knowledge of the 

functional signifieance of the caecil ian eraniai anatomy may 

permit sorne understanding of the ways in which the unique 

ca.cilian solution to miniaturization has been attained. 
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METHODS AND MATERIALS -

r7 Observations 

Tw.enty crania1.' 'c~aracters were measured from cleared 

and stained'speçimens and dried skulls. Measurements ta ken 

were: Length of the skul-l roof (LSKRF), Width of the skull 

roof at jaw joint (WSKRF), width of the skull table (WSKT), 
, 

Length of the Os Basa1.e (LOB), Width of the Os Basale at the 

otfc capsules (WOB) , rJ'istance between tooth rows (OTR), Number 

o~~eeth in "'the out~r arcade (~OA), Number of teeth in the 

inner arcade ,)(TIA), Area of the adductor chamber (ArAC), Oepth 
• 

o f the s k u 1 lat the j a w ~j 0 i n t (D S K J J ), Le n 9 th 0 f u p pe r j a w 

(LUJ), Length of the skull 'a~ferior to th~ jaw joint (LSKAJ), 

Distance from the occipit;al" condyle to the jaw joint (OCTJJ), 
~ 

'Distance from the orbit t.o the tentacle (OTT), Length of tl1e / 

preo'rbital portion of the skull (f.,PO),. Length of the lower jaw 

anterior to the jaw joint (LLJPM), Length ot the 

retroarticular process - upper 'margin (LRAPU), Length of th. 

retroarticular process - lower margin (LRAPL), Angle ot 

inflection of the retroarticu1ar process mesi"ally (ARAPM) and, 

Angle of inflection of the retroarticular process dorsally 
" 

(ARAPD). Two composi te measurements were al so used in variou. 

nanalyses. These are 'l'otal skull length (TSL-, LSKAJ + OC'l'JJ); 

, 0 
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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 MS and M6 

binocular microscopes. Values were recorded using a Jandel 

Sciè'ntific digitising pad and t:he 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 

came~a attachment. The negative images were projected onto 

the sarne 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) wi th that of the drawn 

specimens. 

All 1 inear measurements were taken in mm. The area of 

the adductor chamber was measured in mm 2 • The angles were 

measured in degrees, whet:e a retroarticular process with no 

inflection has a va'lue of 180 0 • Dorsally and meSially~reC1zed 
, , 

retroarticular processes have values less than 180 Q • AIl 

continuous measurements ~ere log transfor~ed. In ~ddition to 
~ 

log transformation, in successive analyses, angles were 

treated in their raw forro, as their value subtracted from 180, 

or _ as the sine of their divergence from 180 0 in radians. 

Measurements- are listed in Appendix 2. 

A total of 148 observations was compiled encompassing 
II" 

28 genera and 37 spec les. Among these, 
.q 

two extensive 

ontogenetic sequences were observed. One of tnese was of 
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Epicrionops ~ (14 specimens), a rhinatrematid; the other was 

of Dermophis mexicanus (38 specimens), a member of the other 

rriajôr 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 ta ken 

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 quanti fy the relative 

rates of change of cranial characters during development and 

to compare developmental rates between Eeicrionops and 

Dermophis. Bivariate analysis was alao used to describe the 
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size relationships of cranial elements between adult 

'""ç'aecilians, and adult stegocephalian amphibians. 

Not all of the variables were employe<l in any one 

analysis. Those with.a ~arge number of missing values or 
" 

exhibiting linear dependence or partial 1inear dependence with 

others were unused. Despite their potentia1 importance, angles 

of inflection of the retroarticu1ar process (ARAPD, ARAPM){ 
\ 

were omitted from the final analyses for bo~h factor ~ 

canonica l di sc r iminant procedures. They showed ex tremem 1 y 10w 

correlations with other factors (Rho > .5) a.nd there is no 

indication that their distributi'on is either log-normal or 

1 i n~ar-norma1. 

, 
tactor analys i s 

\ 

Factor analysis reduces thd variation of values within 

a_set'of variables t" a linear combination of 5-he vari~tion 

ascri~able to common factors, plus a unique factor for each 

variable. The number of common factors is usua11y taken to be 

much smaller than the number\ of variables (Harman 1967 chl.; 

Kim and Muel1er 1984, 1985). The assumption o~ 'fact~ analysis 

is that there is an underlying causal struèture to the 

var iables. Common causal factors account for the covar iances 

b~tween variables. This is the same form of causal stt:ucture 

postulated for the recognition of functional suites and so the 
( 

apPlication of facto~ analysis is app~opriate 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 

obI igue rotation was chosen because of the high correlations 

between variables and yielded the final factor structure. All 

factors with eigenvalues less than l were discounted. The 

entire data set was used. 

Cfnonical discriminant analysis 

Canonical discriminant analysis is a commonly uaed 

morphometric technique that is akin to Principal Component 

Analysis (AlbrechtoCl 1980; Klecka 1980; Shaffer 1984). It 

identifies orthogonal factors that account for the maximum 

variance between specified groups of observations. 

The between groups c:anonical structure indicates the 

correlation coefficients of each variable on the factors that 

best- discriminate between groups. The values can also -be seen 

as direction cosines., If a factor and a variable are perfectly 

correlateâ (1.00), the a,ngle of which that correlation Is the 
J / 

cosine (0 0 ) indicates that the factor and the variable ar~ 

coincident. This is a useful measure of the contribution of.' 

each variable to the information in each factor. 

The CANDISC procedure of SAS version 5.16 (SAS 

Institute 1985b) from McGill University Computing Services was 

used to perform the canonical discriminant analysis. AIl . 
canonical variates wi\h eigenvalues greater than one were 

plotted against one another. The classes defined were: A) 

Dermophls, (42 specimens) B) Caeei.!.!! (17 specimens), C) 
o 
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!LE.hlonectes (lI specimens), D) Ichthyophiids (Ichthyophi~ 

plus ~~~~~~~~~!!!~) (Il specimens), E) ~~Q~~y~~~~~ (1 l 

specimens) and', F) ~crionops (14 specimens). These genera 

represcnt the largest number of samples for each of their 

respectiv~ familles. Five of the seven families recognised in 

the Ingroup cladogram (fig 21) are represented. Canonical 

discrimlnantG results are affected by grossly unequal group 

s a m/p les i z e s ( K 1 e c ka 1 980). For t hi s r e a son s p e ci men s a f 

uraeotyphlines and scolecomorphids, for which small numbers of 

specimens were available, were omitted. 

Re~ced ~~ axis analysis 

\, 
• Among the avai lable methods of linear bivariate 

anl!lysis, reduc('d major axis is the most highly rec?mmended 

for morphometrlcs (Kidwe Il and Chase 1967). Its advantages are 

that it does not assume that either ot the variables is 

independent, the slope of Y versus X is the reciprocal of X 

versus Y Ombrie 1956) and the result of the ana1ysis ls not 

lilrgely affected by differenc"es in the scale of the 

measurements (Kermack and Haldane 1950). 

The analyses "iere nl1 performed on a hand ca1culator 

following the formulae given by Kermack and Haldane (1950) and 

1mbrie (1956). The Correlation matrices and descriptiv~ 

statistics of the variance-covariance matrices generated by 

-v.trious analyses on SAS PC were used in the calculations. The 

values of Z are taken from Steel and Tonie (l960). 
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RESULTS Î 

Factor Analysis 

The results for the factor analysis are givcn Tables 

7 through 10 and are summarized in Table 11. Table 7 iB the 

target matrix for the oblique rotation. It takes 8S ~ts 

reference axes the most widely divergf>nt variables 

(characters). Table 8 shows the correlatior'f's between fnctora. 

When factors are orthogonal their correlations are zero. The 

elements of Table 9 drc correlation coefficients bctwcell o each variable and each factor. Table 10 displllYS th(' 

standardized regression coefficienlS. These are the r 2 values 

for the coregresslons (Van Valen 1974), or C 0 d\t e r min II t ion 6 

of each variahle with each factor. 

The target matrix consists of four factors. From the 

loadings of,each factor on the variables, an intuitive ides of 

its general meaning can be gleaned. The loadings and factor 

descriptions are as foltows: 

Factor 1: 

LUJ 1.0000 (r 2"'.8068), Length of upper jaw 
LLJPM .7581 ( r 2,= • 6503 ) , Length of lower jaw -anterior 
LSKAJ .7116 (r 2".6314), Length of skull ante to j 8W 

These are a11 elements of the j aw anterlor to the j aw joint. 

o Factor 2 : 
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LRAPL 1.0000 (r2..8669), retroarticular process -lower 
LRAPU .8520 (r 2-.7498), retroarticula~ process -upper 

Thes.e are both measure::tents of the length of the 

retroarticular process. 

Factor 3: 

OCTJJ 1.0000 -(r 2 •• 7185), Occipital condyle to jaw joint 
WSKT .9273 (r2.. 7051), Width of skull table 
WOB .8804 (r 2 •• 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 

joint or behind it. The edge of the sku1l table isdtncident 

with the dôrsolateral margin of the braincase. 

Factor 4: 

LSKRF 1.0000 (r 2 •• 46408), Length of sku11 roof 
LOB .8177 (r 2 •• 39392), Length of os basale 

These are measurements of thè overa1l length of the skull. 

The four factors combined account for over 99% of the 

variance in the entire sample. Factor l, 'length of the jaw 
< • 

anterior to the craniomandibular joint' accounts for the 

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 'the os basale' (76.552), and 

the n b y F a c t 0 r 4, '1 en 9 th 0 f the slu 1 l' (6 0 • 8 3 2 ). The 

coefficients of codetermination for Factor 4 are aIl rather 

amall. 

The correlations between factors are extremely large. 

This ls particularly apparent between Factor 1 and Factor 2 

(c..orrelation-. 7213). Rather than being ortho90nal, in 

luclidean space the se factors would be deployed at an angle of 
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RESUL~S OF FACTOR ANALYSIS 

TABLE 7 

Target Matr ix 

VARIABLE Factor 1 Factor 2 Factor 3 -
LSKRF .30863 .20809 .22841 
WSKT .05852 .09376 .92732 
LOB .41314 .09059 .32085 
WOB .14660 .07944 .88035 
ArAC .53477 .10088 oïj47087 
DSKJJ .22122 .34123 .42561 
LUJ 1.00000 .15773 .11815 
LSKAJ .71158 .22881 .15498 
OCTJJ .11414 .07582 1.00000 
LLJPM .75812 .28684 .12373 , 
tRAPU .17690 .85196 .11833 
LRAPL .12177 1.00000 .08725 

') 
1 

TABLE 8 

Correlations Between Factors 

Factor 1 Factor 2 Factor 3 -
Factor 1 1.00000 .72126 .69085 
Factor 2 1.00000 .63986 
Factor 3 1.00000 
Factor 4 

o 
162a 
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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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0 RESULTS ~ FACTOR ANALYSIS 
" 1( 

TABLE 2. 

!'actor Structure (Carrel a tians) 

VARIABLE Factor 1 Factor 2 Factor 3 Factor 4 

LSKR!' .86999 .83021 .81728 .89953 
WSKT .6393-2 .63936 .85964 .66620 
LOB .82018 .69733 .78469 .81180 
WOB .76738 .70134 \ .94510 .69031 
ArAC .84943 .69945 .82633 .62441 
DSKJJ .69414 .71315 .72338 .58872 
LUJ .96694 .77495 .72694 .66857 
LSKAJ .95582 .83482 .7:7500 .74603 
OCTJJ .61813 .57112 .79802 .50351 
LLJPM .'92099 .81691 .71933 .65539 
LRAPU .79675 .95065 .71594 .64671 
LRAPL .78310 .99397 .70250 .66142 

TABLE 10 - "'-
Coefficients' of Codetermination: 

VARIABLE Factor 1 Factor 2 Factor 3 Factor 4 , - -
LSKRF .29071 .22223 .17759 .46408 
WSKT -.03579 .10875 .70505 .. 17164 
LOB .37440 .01725 .26319 .39392 
WOB .15787 

. 
.06440 .74953 .07087 

ArAC .51346 .05585 .45350 -.02760 
DSKJJ .18422 .32260 .36365 .04074 
LUJ .80675 .13268 .06531 .03034 
LSKAJ .63137 .22884 .10640 .13452 
OCTJJ .11717'" .07317 .71851 -.07549 
LLJPH .6S0l1 .29181 .07482 .01335 
t.RlPO .17689 .74980 .11290 .00166 
LRAPL .09629 .86691 .06374 .02743 

o ( 
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TABLE 11. SUMMARY OF FACTOR ANALYSIS 

FACTpR 1. The jaw anterior to the jaw joint 

VARIABLE CORRELATION 

LUJ 0.96994 
LLJPM 0.92099 
LSKAJ 0.95582 
(ArAC 0.84943 

FACTOR II. Retroarticular process 1ength. 

FACTOR 

li 
FACTOR 

-

VARIABLE 

LRAPL 
LRAPL 

III. Braincase, 

VARIABLE 

OCTJJ 
• WSKT 

WOB 
(ArAC 

IV. Sku11 1ength 

VARIABLE 

LSKRF 
LOB 

.. 

CORRELATION 

0.99397 
0.95065 

otic capsule 

CORRELATION 

0.79802 
0.85956 
0.94510 
0.82633 

CORRELATION 

0.89953 
0.81180 

size. 

) 

162c 

1: 2 

0.80675 
0.65031 
0.63137 
0.51346 

0.86691 
0.74980 

r 2 

0.71851 
0.70505 
0.71851 
0.45350 

r 2 

0.46408 
0.39392 

COMMUNALITY 

0.95065 
0.89987 
0.97730 
0.83272) 

COMMUNALITY 

1. 00000 
0.93564 

COMMUNALITY 

0.64958 
0.76708 
0.92361 
0.83272) 

COMMONALITY 

1.00000 
0.84541 

./ 
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The proportion of the variance in each variable 

explained by the common factors (communalities) ranges from 

.65 to 1.00. The lowest of these are DSKJJ, OCTJJ and WSKT. 

AIl components of 'jaw factors', land 2, have commu"na1ities 

of .90 or higher. 

A1though 83% (communalityc.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 

comp 1 ex i ty' of 2.0 (Harman 1967), mean i ng tha tir i6 

de ter min èd j 0 i n t 1 Y b Y t W 0 fa c t 0 r s • The c 0 e f fic i e nit 0 f 

determination of ArAC on Factor 1 is .5135. Its value on 

factor 3 ia .4535 (Table 10). Therefore, the area of the 

adductor chambre is a function of the length of the jaw 

"'" anterior to the jaw joint and the width of the os basale. 

Canonical Oiscriminant Analysis 

Three canonical variates had eigenvalues greater than 

or.equal to one. Together they describe 87~77' of the total 

variation. Canonica1 variate l describes 45.46%, variate 2 

24.25', and variate 3 18.06\. 'l'hese are the only significant 

variates (P< .05). 

'l'~ble 12 shows the between-factor canonica1 structure. 

The variables with the highest loadings on variate 1 are: 
, . 

LRAPL (.6122) and LRAPU (.4175). Those on variate 2 are: OCTJJ 
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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 

calcu1ate F-to-remove values, which wou1d determine howmuch 

information each variable contributes uniquely to each 

variate. 

Mahalonobis distances are listed in table 13. These 

are straight-line Cartesian distances between each of the 

group centroids (A1brecht 1980; Klecka 1980; Van Va1en 1974). 

The values above the main diagonal are the actual distances. 

Below the diagonal are P values associated with the nul1 

hypotheses that the distance between each pair of group 

centroids is zero. The 1argest distances are a Il associat 

with the Rhinatrematid genus Epicrionops 

aIl high1y significant (P< .005). There are on1y thre 

significant distances: Oermophis - Caeci!ia (P -.0075), 

Geotrypetes -Typh,lonectes (P • .0055) and, Geotrypetes -

ichthyophiines (P =.0060). 

The ,discriminant function analysis reveals that the 

structure of the retroarticular process is the best 

discriminant between groups. The group mean of rhinatrematids 

Ep~cri.2!!.~E.! on this variable (3.4536) is considerably 

dif~ from that of o~her genera (Derm22hli -.2162, 

Caeci 1 ia -1.023, Typhlonectes -1.7771, ichthyophi Ines -.7131, 

and, Geotrypetes .4218). This variate corresponds with Factor 

2 of the factpr analysis. Factor 3 of the factor analysts, 

plus the skull at the jaw joint Is the second 
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0 CANONICAL DISCRIMINANT ANALYSIS 

l TABLB 12 -
Satween-Groups Structure: 

l' 
~. 
~ 
", 
'. 

, .. 
fi-~ 

l 

1 

~ 

VARIABLE 

LSKRF 
WSKT 

;g: 
ArAC 
LUJ 
LSICAJ a 

DSKJJ 
OCTJJ 
LLJPM 
LRAPU 
LRAPL 

TABLE 13 -
Maha1onobis 

CLASS A 
A 
B. 0.0075 
C 0.3631 
D 0.4655 
1 0.6574 
r 0.0036 

Variate 

-.2'§5 
-.3168 

.3387 
-.0094 

.0220 

.0405 
-.1204 
-.3394 
-.0020 
-.0005 
-.4175 

.6122 

Distances: 
B 

3.0972 

0.1272 
0.0660 
0.3068 
0.0001 

~-~ ~ 
~d!;...I!i~~~".1 ~ ",:A ... ~~\ . ~":"t ::.\, _, .... -:~~~~ :" ,. 1 .1. ~ 'Jo)~ 

1 Variate 2 

.5367 

.7689 

.4343 

.7774 

.5713 

.5406 

.5036 

.7801 

.8582 

.6373 

.6722 

.4895 

C D 
3.2228 2.6569 
3.4706 3.3187 

2.4957 
0.1700 
0.0055 0.0060 
0.0001 0.0001 

.' 1644 

Variate 

-.7254 
-.5363 
-.7855 
-.3235 
-.7532 
-.8118 
-.8105 
-.3450 
-.4614 
-.7540 
-.5492 
-.5719 

E 
2.6868 
3.0059 
3.9464 
4.0851 

0.0001 

.. 

3 

) 

F 
4.2257 
4.8921 
5.4753 
4.4986 
4.1011 

. 
( 
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best discriminant between group~. The jaw anterior to the jaw 

joint is only the third best discriminant between 9~9UPS. The 

inclusion of the length of the skull roof (LSKRF) and the 

. length of the os basale (LOB) into this ~actor, plus the fa~t 
, ~ 

" 

that aIl coefficients have the same sign suggest that th!s 

vari~te incorporates a factor of overall size (Jolicoeur 1963; 

" Pimentel 1980). This being the case then, it ls not surprising 

that when the groups include growth series, the 1ength of the 

jaw does not discriminate between them strongly. An adequately 

large sample of adults should al~.o be analysed in this way. 

Reduced Major Axis 

Bivariate plots of the relationship between ele~ents 

of factors l, 2 and 3, with one another, and·wi~h the area of 

the adductor chamber are shawn in figure 28. The relevant 

statistics are listed in tables 14 through 22. The equation ia 

9 ive n i n the for m -0 f y= m x + 1 n b, wh e rem i s the < s 1 0 P e and 1 n b 
( 

is the natural logarithrn of the intercept (Gould 1966). 

Unless otherwise stated, the significance values glven are 

for the slope of the reduced major axis. Missing values for 

the adductor chamber and length of the ret~oarticu1ar proce8~ 

of Epicrionops unfortunately make sorne sampl~ sizes quite 

small. 

between the a 

Iower 

î 
vs Factor 1: The rate of change in' ontogeny 

of the adductor chamber (ArAC) ana the 1ength 

terior to the ja~ joint (LLJPM) is not 

significant1y different between Epicrio'nops and Oermophis 

~ 165 
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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 ArAe versus LSKAJ for Epicrionops, Dermophis, adult 
. , 

caecilians, and adult stegokrotaphic amphibians 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 &ifferent. The difference in growth rate of ArAC 

ve~sus LSKAJ between !2i~!12~~~ and ~~~~Ehi~ is not 

significant at .05. It does however show a strong trend (P= 
.... 

• 066) • 

Adductor Chamber vs Factor 2: The rate of developmental 

change between ArAC and the retroartlcular proeess (LRAPL) ls 

significantly different between Epicrionops and Dermophis 

(Table 15). 

Adductor Chamber 1~ Factor l : Neither the slopes nor the Y 

intercepts are significantly different between genera for ArAC 

vs WOB (Tabl e 16). 

Factor l. ~~ Factor 1: Th~ s lope of t.RAPL 

eignificantly differentr1>etween the two 

"" intercepts however show a highly 

are not 

thei r y 

(P« 

.OS). Thé" difference in slope between the length of the , 1 
retrou:ticular procl!ss and the upper jaw are border 1 ine 

eignificant (p •• 051). Y intercepts are a1so calculated for 

.thia re1ationship. They are significantly different (P« .05) 

(Table 17). 
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• 
Factor .1 Y! Fa~tor ! : There is no significant difference in 

either slope or intercept between Epicrionops and Oermophi. 

for WOB vs LUJ (Table 18). 

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 1,: The growth rate of the upper jaw..,.4iersus 

the lower jaw is significantly different between the two 

genera (Table 20). 
f' 

Adults ~ Stegocephalian Amphibians: 

The allometric relationship between length of skull 

anterior to the jaw and the area of the adductor chamber ia 

plotted in figure 28. The slope is 2.084; the Y-intercept ia -

3.043. Allometric relationships of braincase dimensions(WOS; 

LOB, OCTJJ) versus skull length (LSKAJ and TSL) are shown in 

table 22. 

1 , . 
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~ REDUCED MAJOR AXIS -RESULTS f -t 
i' 

TABLE ~ Adductor chamber and Factor 1 , Group lnb m r 2 Sa N Z P 

1. ArAC vs LUJ 
., 

Epicrionops -3.748 2.215 .858 .252 10 
1.90 .057 

Dermophis -3.0119 1. 716 .927 .0806 30 
'. 

*Y-intercepts Zb= 4.11 p« .05 

2. ArAC vs LLJPM 

Epi cr ionops -3.074 1.910 .813 .275 9 
1.09 >.05 

Dermophis -2.550 1. 585 .859 .0744 28 

*Y-intercepts Zb= 2.59 p< .05 

3. Arac vs LSKAJ 

Epi cr iQnops -4.139 2.305 .849 .283 10 
1.82 .066 

Dermophis -3.330 1. 761 .916 .0931 30 

* Y-intercept Zb= 1.63 0 
p> .05 

~ 
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REDUCED MAJOR AXIS-RESULTS 

0 
TABLE 15. Adductor chamber and Factor 2. 

Group Inb m r 2 Sa N Z P 

ArAC vs LRAPL 

Epicrionops -1.027 ;' 1.634 .874 .193 10 l, .. \ , 
2.66 <.05 

Derrnophis -1.219 'él 1.109 .859 .0744 28 

~ 

\ 

TABLE 16. Adductor Chamber and Factol: 3 
1 

Group 1nb m r 2 Sa N Z P 

, 
~ 

\ 
ArAC vs WOB 

Epicrionops -4.098 2.992 .955 .179 12 
1. 86 .063 

Dermophis -3.742 2.456 .832 .175 33 

* Y-intercepts Zb'" 1. 06 P>.05 

7 
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REOUCEO MAJOR !!!! ~ RESULTS 

TABLE 17. Factor 2 and Factor 1 
A. 

Group 1nb m r 2 Sa N Z 

\. LRAPL vs LUJ 

Epicrionops -1.692 1.356 .937 ' .107 10 

Oermophis 1.503 1.469 .878 .OS04 32 
~4 _/ 

* Y-intercepts Zb= 16.2 P« .05 
1" 

2. LRAPL vs LLJPM 

Epicr·ionops -.772 .856 .895 .0923 9 

~65 1.14 
Oermophis -.314 .0463 34 

"-* Y-intercepts Zb= 5.32 P« .05 

B • 

Group lnb m r 2 Sa N Z 

1. LSKAJ vs LRAPL 

Epier ionops 1.354 .709 .855 .0853 10 
Q .49 

Dermophis 1.158 .664 1913 .0337 \34 

* Y-intercept \ Zb= 3.77 P< .05 !> 

\ 
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0 REDUCED MAJOR AXIS - RESULTS --
1 

TABLE 18. Factor 3 and Factor 1 

Group 1nb m r 2 Sa N Z P 

WOB vs LUJ 

Epicrionops .108 .758 .807 .0133 11 
1. 44 >.05 

Dermophis .300 .697 .877 .0402 33 

* Y-intercepts Zb- 0.11 P>.05 

TABLE 19. Factor 2 and Factor 3 

Group lnb 

\ 
m r 2 Sa N 

1 
z P 

LRAPL vs WOB 

Epicr ionops -1.884 1. 788 .854 .216 10 
1.18 >.05 

Dermophis -2.125 2.1007 .881 .154 35 

* Y-intercepts Zb= 0.70 P> .05 

o , 
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o REDUCED MAJOR !!!! .:. ~RE;;;.;S;;..U_L~T_S 

TABLE 20. Within Factor 1 

Group Inb m r 2 Sa N Z P 

1. LUJ vs LLJPM 

Epierionops .321 .861 .072 .0438 10 
5.18 <.05 

Dermophis -.597 1.134 .976 .0289 34 

2. LSKAJ vs LUJ 

Epier ionops .651 .961 .978 .0427 11 
.27 >.05 

Dermophis .162 .974 .986 .0289 37 

* Y-intercept Zb= 6.45 P« • 05 

- 1&7e 
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REDUCED MAJOR ~ -RESOLTS 

TABLE' 21. Adu1t Caecilians; Adult Amphibians 

1. 

Group 

Ar Ac vs LS KAJ 

Adults 

Amphibians 

1nb 

-4.186 

-3.043 

m 

2.134 

2.084 

.820 

.766 

* Y-intercept Zb= 2.49 

2. LSKAJ vs. LRAPL 

Adults .779 1.02 .755 

.120 

.291 

N 

63 

12 

P< .05 

.0707 53 

z 

0.19 

0.30 

* slope is not signiflcantly different from 1.00 

3. WOB vs. LSKAJ 

p 

>.05 

>.05* 

Ad u 1 t s 1. 09 • 6 2 • 747 • 072 4 63 l'. 21 > • 0 5 * 

* slope ls not signifièant1y different from 1.00 
) 
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0 REOUCED MAJOR AXIS - RESULTS --
TABLE 22. Braincase versus Skull Length: Adutt vcaecilians 

Group lnb m r 2 Sa N Z P 

WOB vs TSL 

-0.758 .983 .797 .0609 53 0.26 >.05 

OCTJJ vs 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 stat~stical1y different from 1. 00. 

, 

1 
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DISCUSSION 

!h! ~ ~ ~ Functional Suite 

The factor analysis revea1s that the e1ements of th. 

jawlapparatus 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 wi th 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, LL,JPM, LSKAJ, and 

Factor 2 LRAPL and LRAPU. The area of the adductor chamber la 

determined partially by the length of the jaw anterior to the 

jaw joint and partia 11y by the si/ze of the poster ior portion 

of the braincase and so does not appear to be fully a part ot 

thi s sui te of features. 

The structure of the jaw apparatus accounts for moat 

of the measured morphologlcal differences within the 

caecilians. Although the first factor, that of the jaw 
~ 

anterior to the jaw joint (LUJ, LLJPM, LSKAJ), describes the 

1argest portion of the total variance of the sample, the 

length oj the retroarticular process accounts best for the 

morpho1ogical differences between families. 

168 

, J, ~ 



c 

%: ' 

" " 

" 
There is a striking concordance between the c1adogram 

of caeci 1 i ans and the morphometr ic di fferences between 

fami1ies. 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 high1y distinctive assemblage 

and share only distant common ancestry with most other 

caeci1ians. In both analyses the rhinatrematids are the best 

differentiated family. The largest Maha1onobis distance occurs 

between Epicrionops and Typhloneetes. The respective families 
\ are separated by the largest number of eharaeter 

transformations (27) in the ingroup eladogram (fig. 21). The 

significant morphologieal distance between Dermophis and 

Caeeil!! (3.097 p •• 0075) supports the reclassifieation of 

subfamilies Caeeiliinae and Dermophiinae as distinct families 

suggested in chapter III. 

Ontogeny 2f ~ ~ Apparatus 

.Garstang (1922) and others have pointed out that adu1t 

morphologies are the result of development and therefore, 

variation in adult morphologies must also be the result of 

developmental variations. There are a num~er of ways in whieh 

this variation can manifest itself. They have been 

charaeterized by Alberch ~ !l (1979). For the purposes of 

thi. studYi where anly differenees in proportions of 

morphologieal units are of interest, the schema ean be 

aimplified (fig. 28). The bivariate analysis can diseern three 
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Figure 28. Bivariate plots of changes in a110metric 
relationships between the ontogeny of two 
e1ements (X and il in two organisms A and B. 
1. the rate of change (slope) varies between 
species. 2. neither slope nor intercept 
changes, the adult ofC.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~~ feature relative to 

another (Shea 1985). Firstly. between any ry organhma. the 

rate of change of one element relative to another can be 

altered during growth. When this occurs the bivariate plots 

W'Jl 1 h a ve d i f fer e nt s 1 0 P es. 1 f the rat e cha n 9 e i s con s tan t , 

the proportions can be altered by extending or truncating the 

developmental process (or altering the abso1ute 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 ear1ier ontogentic stage of the 

other (Wayne 1986). Alternatively, if both relative and 

ab sol ut e rat es 0 f de v e 1 0 pm e nt are con s tan t, aIt e rat ion sin 

proportion can be brought about by changing the time of onset 

or offset of the development of one element relative to 

another (Gould 1977; Lç7vtrup 1974). In this case, the 

respective bivariate plots should have similar slopes but 

d i f fer i n gin ter cep t s (Wh i te and Go u 1 d l 96 5 ) ( fig. 28 ) • 

Combinat ions of these processes are less amenable to study by 

bivariate analysis than their occurences a10ne. 

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 ~ersus 

Factor 1 (the jaw anterior to the jaw joint) generally 

exhibits differences in scaling. The Y intercept of 

Epicrionops is significantly higher for the adductor\chamber 
o ) 

versus the length of the upper jaw (P« .05), and the adductor 

chamber versus the length of the lower jaw. Although t~e 
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.lopes of these 1ines are not significantly different, two of 

them show strong tendencies toward signicance (ArAC vs LUJ 

- P-.OS7, ArAC vs LSKAJ P=.066). The slope of the adductor 

chamber versus Factor 2 (tpe length of the retroarticu1ar 
Ci 

",' 
process) is significantly different between the two genera. 

Neither the slope nor the intercept of the adductor chamber vs 

Factor 3, here represented by WOB, is different between 

genera, a1though 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 d i f fer en c e in t i m i ng 0 f de v e l 0 pme nt b e t we e n the j a w and 

adductor chamber. The rate of growth of the adductor chamber 

relative to the jaw i5 similar between the two genera, 

certainly for the lower jaw and probably for the upper. In 
, , 

Epicrionops howev~r, the oss~ficatiop. of the dermal cheek is 

much delayed by comparison with that seen in Derm,pphis (Wake 

pers. comm. Wake and Hanken 1982). In Dermophis the squamosal

parietal space is the 1ast gap to close between dermal roofing 

bones. The gap does not occlude in rhinatrematids, leaving the 

open-skulled condition. lts delayed deve1opment, in Epicrionops 

probably permits the growth of the M. Adductor Mandibularis 

mess through the cheek fenestra. Thus early onset ofi growth of 

the adduc;:tor muscle mâss relative to the cheek and, as 

suggested by Table l, 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 

$KULL LENGTHS AND ADDUCTOR CHAMBER AREAS • 

OF STEGOCEPHALIAN AMPHIBIANS 

Genus ln LSKAJ (mm) ln ArAC (rnrn 2 ) Sour-ce 

Eryops 6.075 9.056 Sawin 1942 

_ Gree'rerpeton 2.904 7.369 Srnithson 1982 

Sauropleura 3.074 1.758 Bossy 197B 

Dendrerpeton 4.161 5.254 Godfrey et al 
1987 -

Cardioce}2halus 2.413 1.589 Carroll and Gask i 11 
1978 

Rh~nchonkos 2.713 2.04~ Il 

Microbrachis 2.654 2.653 Il • 

Odonterpeton 1.627 0.916 Il 

Proterogyrinus 4.992 8.733 Hormes 1985 

Anthracosaurus 5.997 8.774 Panchen 1977 

E09::irinus 5.973 8.285 Panchen 1972 , 

Ge}2h:trostegas 4.119 3.939 Carroll 1970 

o 
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appro~imate1y 3.52:1, wherèas it is 4.15:1 in Dermophis. The 

ares of the adducto~r chamber grows at a distinctly faster rate 

. as a function of the growth of the retroarticu1ar in 

Epicrionops as compared to Dermophis. 

It is more difficult to interpret the developmental rates 
6-

of Factor l (the jaw in front of the jaw joint) as a funetion 

of Fac-tor 2 (the length of the jaw behind the jaw joint) 

(Table IV). Neither of the slopes, LRAPL versus LUJ or LRAPL 

versus LLJPM differs significantly between the two genera but 

in the case of LRAPL vs LUJ this may be' an artefact of sample 

size (tt:t=IO P=.OSl). Further observations rnay establish this 

difference as significant. Although the slopes are not 

significantly different, the intercepts cer ta in l y are. Care 

must be ta ken in attributing biological meaning to differences 

in intercept when slopes are not the sarne. 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 anter ior) shows a very strong effect of 

scaIin,9 (P«.OS). It appears that the portions of the 'lower 

jaw are constrained ta grow at simila,;: rates. In photographs 

of deve10pmentai stages, the retroarticular process appears 

much ear1i~r in Dermophis than in Epicrionops. 

There are distinct differences in the growtp of 

" elements within Facto~ 1. The lower jaw grows at a higher rate 
; , 

than the ,upper in Epicrionops (slope=O.861). The converse is 

true fo.r -Oê.Ê'ÎJlophis (slope-l.134)· (Ta'ble VII). Not only are' 
, 

~hese values significantly different from one another (Z=5.81, 

P<.OS), but ~ach is .significantly diff(jlrent from 1.0, 

\ ' 

172 
' . 

.. 

" the 
" 



o 

• 

o 

• 

slope of the isometric rate (Z· 3.48 Epiorionops, Z-4.63 

Dermophis). This in part accounts for the recessed jaw of 

dermophids. The relationship of the skull anterior to the jaw 

and the length of the upper jaw is a rneasure of the degree ta 

which the skull extends beyond the upper jaw. In the 

rhinatrematids it is near zero. The rate of growth of LSKAJ 

and LUJ are extrernely similar between these genera (Z".273). 

The Yin ter (" e pts are sig nif i c a n t 1 Y d i f fer e n t ho we ver. Wh i 1 e 

the upper and lower jaws rnay grow at different rates, the 

upper jaw and skull seern constrained to grow at the sarne rate. 

The upper jaw is slightly subterrninal 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 ls recessed remains constant throughout grawth in 

both genera. 

The developmental trajecto;ies of Factor 1 and Factor 

2 on Factor 3 do not differentiate the two genera. Neither 
'.> 

slopes nor intercepta of the lines show any significant 

di f ferences. 

The 'major differe~ces in the development of the jaw in 

rhinatrematids and dermophids can be summarized as followa. 

The deIayed ossification of the cheek in Epicrionops appears 

to permit the ~xpansion of the adductor charnber. It is not 

clear whether early onset of development of the adductor 

chamber aione accounts for the striking difference ln the 

adductor mass, or whether the adductor maas also grows faster 

in Eficrionops than in Dermophis. The retroarticular process 
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developes signif{cantly earlier in Dermophis bU~ relative 

growth rates of the anterior and posterior parts of the lower 

jaw are the sarne. The lower jaw grow5 faster than the upper 

jaw in Epicironops, but the converse i5 true of Dermophis. In 

ne i the r d 0 est h e rel a t ive am 0 u n t 0 f ex te n s ion 0 f the s k u 1 1 

beyond the upper jaw change in ontogeny, but it is 

significantly different between ·,the two genera. 

Jaw Mechanics and Jaw Function - --
Nussbaurn (1983) explored the comparative anatorny of 

the interhyoideus musculature, showing that i t augments the M. 

adductor mandibulae mass by pulling down on the retroarticular 

process in the manner of a third order lever. Bernis ~ !l 

(1983) demonstrated its acuivity during jaw adduction. It is 

less apparent ta what extent this musculature assists or 

replaces the adductor, or what the selective pressures for its 

evolution may have been. In order to under$cand caecilian jaw 

musculature as such a radical departure from the standard 

tetrapod type, it is first necessary to understand something 

of the standard tetrapod condition. Table 23 shows log 

transforJtled measurements for area of the adductor chamber and 

the l.ength of the skull anterior to the jaw joint for a 

var iety of :ltegocephal ian amphoibians. Amphibians wi th closed 

akul1 roofs were chosen for a nurnber of reasons. This is the 
J 

presumed primitive condition for caecilians. All of the M. 

adductor mass' of stegocepha 1 ian amphibians is conta ined wi thin 

the adductoI chamber and so its area can be estirnated 

1. 
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accurate~v-by measurinq the adductor chamber. None of th.se 

members is presumed to have masticated food, or to have basn 

durophagus feeders, so iaw function between them ls probablv 

simi1ar. They are aIl kinetic inertia1 feeders, presumab1y the 

condition in caeci1ians. Amniotes weIe not used because of the , 

extensive pterygoideus musculature found largely beneath the 

adductor chamber. 

The re1ationship of ArAC versus LSKAJ has a number of 

implications. The contractile strength of a muscle has a 1:1 

correlation with its cross sectional area (Gans and Bock 

1965). The slope of the relationship shown ls extremely close 

to 2.0 CZ=O.39, P».05). Assuminq similar relative ;aw muscle 

capacity of the se individuals, this suqqests that in order to 

maintain function. the power of the iaw muscles must increase 

" at a rate equivalent to the increase in skull 1enqth, squared. 

Furthermore, if the lenqth of the skul1 anterior to the palate 
. 

i s a go 0 d me a sur e 0 f the s i z e 0 f the s k u, 1 l, as i t 1 sin the se" 

animaIs, then the adductor chamber area occupies a rouqhlv 

equal proportion of the area of the skull in palatal, 

irrespecti ve of overa Il sku Il si ze (Fig 29). 

If the function of the caecilian jaw apparatus is 

fundamentallv different from that of other tetrapods, then one 

wou1d predict a dlfferent relationship between adult 

caecilians than that outlined above. The reduced ma;or axis ot 

ArAC vs LSKÂJ ls plotted for adult caecilians and for closed

sku11ed amphibians in fioure 29. Measurements for the plots 

are in the same units and so their relationships can be 

compared. The al10metric equations are ~ompared in Table 21-1. 
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Llke the slope of ArAC versus LSKAJ for aIl amphibians, the 

slope for this~relationship in adult caecilians does not 

de v i a t e sï g nif i c a n t 1 Y f rom 2.0 (Z = l • 1 2 t p.. .05). The s 1 0 P es are 

not significantly different between caecilians and other 

amphibians (Z=.19 p ....• 05), but the intercepts are (Z=2 49 

p .... OS). ln the development of ~picrionops, the s~p~~rA~ 
versus LSKAJ is not significantly different from 2.0. HoJver, 

in the development of Dermophis the slope of ArAC 
) 

versus LSKAJ 

ia significant (Z=4.43 P .... 05) (Table 1-3), suggesting that the 

M. adductor mass diminishes in relative strength during the 

growth of Dermophis but not Epicrionops. 

Differences in the Y-intercept of the caecilian adult 

and g~neral amphibian curves for ArAC versus LSKAJ give some 

idea of the relative strength of the adductor masse White and 

Gould (1965) argue that, where slope is equivalent, 

differences in intercept are scaling values. In geo~etrically 

similar systems, the scaling value is represented as 

(b2/bl)(1/1-a). where hl and b2 are the respective Y-intercept 

values (the antilog of the value given in Table 21 -1), and a 

la 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' 

ia 3.14. This means that for the area of the adductor chamber 

to be equival~nt between a caecilian and a stegocephalian 

amphibian, the caecir1an skull (anterior to the jaw joint) 

would have to be approximately three times as long. No pair of 

observations exâctly meets this condition, but the scaling 
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Figure 29. 

/ 

Graph of Adductor Chamber area versus length 
of skull for caecilian adults and closed
skulled amphibians see table 23. 
An-Anthracosaurus Ca-Cardioce2halus 
D es De !!dr-e!~!t~li-EO. E 0 .i~!Tli~!-Ër-;' fi1.12! 
G es G e ~ fii r 0 ste.i as Gr. Gr e e r e r 2 e ton 
M i .-M-.!:§,!~~T!-V hr'! R h;;!li~E~E.2EE:2! 
Od::o Odonterpeton 
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ratio of 3.14 appears roughly to fit the observations. The 

o largest LSKAJ for eaeci1ians is 12.606 mm (!.1..e..hlonectes 

eompressicauda); the smallest for amphibians ls 5.09 mm 

(Odonterpeton)- a ratio of 2.47. The adductor chamber slzcs 
.. 

are roughly equal (Typhlonectes-2.58 mm 2 , Odontereeton-2.50). 

That of Typhlonectes is only slightly larger than would be 

expected. 

Another, pcrhaps more import.ant scaling ratio can he 

deduced. If the ratio of skull length of st,egoccphallan 

amphibians and ('acellians of equal adductor chamber size ls 

1:3.14, and the adductor ehamber area varies as thc second 

po'wer of the skull length, then ratio of the l1ren of the 

adductor chamber between tetrapods and caeeilians of 

comparable size is rough1y 1:(1/3.14)1/2, or 1:0.56. (ActUlll 

o val u e s fou n d are 1: O. 5 9 and 1: 0.54 for Car d i 0 cep h ~!~ cf. 

Dermophis, but 1:0.17 for Odonterpeton cf SehistometoEum ). 

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 is assumed by the 

M. interhyoideus complexe 

The adductor chamber in adult caec1lians has the 

are a : s k u 1 Ile n g t h a 1 l 0 met l' 1 ~ c 0 e f fic i en t s e e n i nad u '1 tel 0 s e d -
\ .... 

s k u lIa m phi b la n s but for s k u Ils 0 f e qua 1 1 e n g th, the c a E!'C 1 lia n 

adductor chamber is smaller by a factor of roughly one half. 

Therefore, the gular musculature augments the adductor 
• 

musculature to equal degrees in adult caecilians, Lrrespective 

of size. One can predict from this that, w1th the ares of 

o insertion of the interhyoideus being 11near, the 
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retroartlcular process length would display isometry with 

LSKAJ and with LUJ among adults. The slope of the first line 

ls 1.02, not significantly different from the predicted 

isometry (Z ... 304, p ....• 05). Likewise slope of LRAPL versus LUJ 

for adult caecilians coincides with the predicted isometry 

(slope-l.IO Z-i.l3 P··.OS) 

The developmental allometric relationsh,ip for these 

elements (LSKAJ versus LRAPL) is not the same as that between 

adulte. The curve for Epicrionops has a sIope of .709 and an 

intercept at 1.354. That of Dermophis has a sIope of .664 and 

an Intercept at 1.158. The slopes are not statistically 

dlfferent (Z ... 492). This indicates that the retroa.cticuI"'i-

fil; • process changes more quickly relative ta overall changes in 

c skul1 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 adulte 

The intercepta of LSKAJ vs LRAPL in ontogeny are 

slgniflcantly different between Epicrionops and Dermophis. The 

8caling ratio i8 1.63. The length of the retroarticular 

process for comparably sized skull is predicted to be 1.63 

times longer for dermophid8 than rhinatrematids. This is 

exact1y the size ratio observed from adult specimens. One can 

infer from this that the gular musculature augments the 
, 

add~ctor musculature to a much lesser degree in 

1 

rhinatrematids than adult caecilians in general. 

Although the adductor musculature was not in~estigated 

Ct directly, two predictions can be made concerning the its 

f. 
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structure and function in caecilians. 1) The M. interhyoideua 

of Most adult caecilians will contribute 40% - 50% of the 
.. 

adduction power of the combined jaw musculature. 2) The 

development of the gular musculature will proceed st aimiler 

rates between genera. Differences in mass of this muscle will 

be the result of varying time of developmental onset. 

Miniatur1zation 

The description of the al lometric relationship between ... 
jaw and skull elements both in ontogeny and between adulte 

allows an understanding the mini.lturization of the C.1cci linn 

skull. A comparison of the trends found in miniaturlzation ln 

other tetrapods with those of caecilians ls also informative. 

Gan s (i 9 7 4) p 0 i n t s v u t (h a t the mai n t e n a n c e 0 f 

adequate sensory function i5 a limiting factor in thv 

miniaturization of a tetrapod 5kull. The size of a functional 

eye ls limited by the number of retinal cells required for 

adequate image formation (Walls 1942; Thompson 1942). Eye sizl~ 

is known to exhibit negative allometry with overall skull siz~ 

in Most tetrapods. The eyes of small animals are relatively 

larger than those of large animals with comparable visual 

acuity. Likewise, the funetion of the inner car 18 size-

dependent (Bernaczek and Carroll 1977). The minimum size of 

the otic capsule is determined by the viscosity of the 

endolymphatic fluid in relationsh1p to the diameter of the 

sem 1 c ire u 1 arc a n aIs (J 0 n e san d S pel 1 s 1 9 7 3 ). The 1 i, z e 0 f the 
, 
ot i c braincase are both negatlvely allometrlc 

'" " 
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relative to skull length in tetrapods (Hanken 1983). 

Civen the strong negative allometry of the brain, the 

eye and the otic capsules relative to overall length, there i9 

an absolute minimum size for a functional tetrapod skull. 

Hanken (1984) suggests that the theoretical minimum skull size 

lB approached ln the smaii plethodontid salamander Thorius. As 

the sensory capsules become relatively larger, there is less 

space available 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 Thoriue;. The size of the orbits produce 

appreciablc constriction of the anterior portion of the 

braincase. The relative size of the otic capsule induces a 

reorientation of the suspensorium. From these observations he 

presents a model, or a null hypothèsis, for the 

miniaturizati9n of the vertebrate skull in general stating 
\ 
that small tetrapod sku11s are charac~erized by a 10ss of 

t 

ossification, structural variation and. morvhological novelty. 

The modifications of the skull are brought about primarily 
! 

t h r 0 u g h pa e dom a r p"h J ~ i s ( Han ken 1 9 8 4 ) • 

Hanken's model prej'iê-cs---quite' accurately the changes 

observed in smal,l B (Tru band Alberch 1985} and 

salamanders as well fislres 1984). Based on my 

data, caecilians d not appear to confo.-,n,-,---,igs.30 and 31). 

There i8 little e idence of paedomorph~siB the skull of 
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Figure 30 
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A • 8. f r 0 g, A ~~.!.E. h ~!. (R Mun c a t • ), B. a 
saI a otq .... P der, P l eth 0 don ci ne r eus (W x 007), 

and C. a Caecilian, 
Afrocaecilia taitana (UMMZ 170324) -"---.,--------- -------
of approximately equal, smalI skull size. 
Note that the orbit of the caecilian 18 
closed, while those of both the frog and 
salamander are relatively large. The 
caecilian skull roof is completely ossified, 
while those 01 the frag and salarnander are 
much reduced. 
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o small adults. Small adult caecilians have weIl ossified skull 

roofs (see Fig.30 Afrocaecilia). One possible example 18 the 

persistence of a large dorsal exposure of the mesethmoid in 

Idiol ranium (Wake 1986). The morphometric relationships 

between the jaw apparatus do not evidenee the early truncation 

of development. If this were 50, the line of allometry for the 

jaw apparatus between adults would be coincident with that of 

the ontogeny of large individuals sueh as Dermophis. There 

appears to be little variation in adults from the allometr~c 

relationships of the jaw and skull length. 

The caecilian solution has emphasized the retention of 

the highly ossified skull roof. This is probably a necessary 

feature for diggers (Gans 1974 :Ch.4). The M. adduetor 

o manibulae muscle of eaecilians is roughly half of the size 

that would be predicted for a tetrapod of similar skull slze. 

Most caeeilians have functional eyes, but there is a definit(l 

trend toward the de-emphasis of vision (Wake 1985). Vision 18 
~ ! 

not sa crucial a faeulty for fossoriRI animaIs. In many 

caecilians the orblt is completely occluded by dermal bone. 

The eye is diminutive making accurate measurements diffleult 

but the change in shape of the braincase induced by eye size 

i n 0 t he r s ma Il t e t r a p a d sis no t s e e n 1 n c a e cil i ans. B r a 1 n e li s (! 

of 8mall and large members of the same family show 'the s.ame 

b rai n cas e s h a p e-. The ma j 0 r 8 t rue t ure 0 c c u p yin g the a n ter 1 0 r 

1 
portion of the skull is the oasal capsule, ~hich changea 

isometrica lly with skull length in other tetrapods. It ia 

o c 1 08 e 1 y as soc i a t *:.d w 1 th the te n tac 1 e i n ca e cil i a 0 s (B a de 0 h 0 r 8 l 

, 
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Compar ison of two caecil ian sku Ils of" 
varying size drawn to the Barne total skull 
length.' Lef...t. GxrnnO~iS CNHM l89046. 
Right. HIRogeo~his 14 994. Note that similar 
shape 0 the raincases, and the similar 
sizes '"Of the addu~tor chamber. The 
proporti9ns of brain?8Se dimensions to 
overall skull size are roughly sirnilar, as 
is the degree to which the jaw joint ls 
located anterior to the occiput. 
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1978; Wake 1985). 

The negative allomet:iC relati'onship of thyraincase. 

and otic capsule with skull lengt:h seen in mOBt tetrapods 

(Hanken 1984) i8 not evident in ca~~s. AlI curves for the 

dimensions of the braincase and otic capsule versus ,total 

s k u 1 lIe n g t h are i s o-m-e tri c for a d u 1 t 8 ( T a b l e 2 2 ) • l n s mal l 

tetrapod8, the jaw joint i8 usually located anter10r ta the 

otie capsul'e. The relati've distance of the jaw anterior ta the 

occitpital condyle inereases'with decreasing ove~1l11 size. 

While the jaw joint in caecilia.ns Is anteri'or t~ the jaw, the 

distance from the occipital condyle to the jaw joint (QCTJJ) 

versus the length of the skul1 anterior ta th) jaw jo-!nt 

(LSKAJ) i8 isometric for adults (slope-O.91 Z-1.06 P".OS) and 

in development of both genera analyzed here (Table 22). 

A sma).l and Bolid skull is essential for a burrowing 

animal. It has been attained in caecilians by the removal of 

approximately half of the required jàw adductor, mass from the 

s·kull. the severe ,diminution of the eye, and the location of 

the jaw joint anterior to the lsrgest portion of the 

b rai n·c a se. Th i sun! que sol u t 1 0 n t 0 the a n t a g 0 n i s tic 

requirements of havi'ng both a smali and a solid skull has, 

-' 
permitted caecilians ta circumvent the usual chatlges thst 

small size imposes on skull structure. 
Ir 
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CONCLUSIONS 

The e ~e men t S 0 f' the j a w s h 0 w cou pli n g 0 f the i rra tes 

and d ire c t 1 0 n s 0 f cha n g e , bot h d e v e 1 0 pme n.,t aIl yan d .,. 
phylogenetically. This would be expectpd of a functional suite 

of features. 

T'h e r h i n a t rem a t 1 d con dit 1 0 n 0 f the. s k u 1 1 i s qui t e 
t.. 

atypical of caecilians in general in its adult morphology, and 

probably 1'0 its development. In the growth and proportions .of 

'1 the the j a w a n d, j à w mus cul a t ure r b..}n a t rem a t i d s m 0 r e cIo sel y 

approximate the standard tetrapod condition than do other 

caecl1ians. While other authors have taken this to be Evidence 

of the primitiveness of rhinatrematlds, it appears from the 

ingroup cladogram to be a secondary reversion, primarily 

assoclated w i th a trend away from 
~ 

fossoriality·, 

, Phylogenetically, this family s'lems to have se,p~rated early 

from th~ m~~aecil ian stock. ~ 

Miniaturization of t'e, caecil ia'"n skull" appear8 .1\O~to 

\ 

. , 

, :., , . 
have been attained 'ion the manner usual for small-s1$.ulled otetrapods. - • 
There la little evidence of pa~domorphosis, either in the 

1 

pro p 0 r t ion S 0 f the j a w s t rue t uf e 0 r i n the d e g r e e 0 f 

ossification of the dermal skull. Three factors seem to 

con tri but el "{\ç f the uni q u~ ca e cil ~i an 
\J '-J 

sol ut i"o n to 

8 m'a Ils k u 1 1· s i z e .. The s e are' the 1 0 c a t ion 0 f r 0 u g h 1 Y ha 1 f 0 f 
1 

• • ri f 

the require,d jaw adduction mu'Sculature behind the head, the . . 
loca.tlcn of the jaw joint and susp'ensorium fully antexior to 
'" 

18~ 
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\ 
the 0 tic cap s u'l es, and the severe diminuti.on of the eyee • .. , 
Thes~ specializations probably facilitate minlaturization of 

while conourrentJ maintai'ing' the the caecilian skull. 
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and the solidity of the skull 
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( APPENDIX l 

0 -
SPECIMENS OBSERVED . 

A.Gymnophionans. 

1. Family Caeci1iidae 
"> 

t Genus Species Condition 

UMMZ 170324 Afrocaeci1ia taitana C & S 
UMMZ 182013 IL n " 
UMMZ lJ1947 " .. Il 

* 2003 n .. " Mez 20003 Bou1engerula titanus " Mez 25002 11- boulenger i .. Il 

KU 119394 Caeci1ia tentaculata 0 
KU 1044J8 " " " 
KU 94377 " ~ nigricans " 
* 

," 898 " Il sp. 
* uncat. fi occidenta1is " 
Mez 14829 " ochrecephala C &. S 

* uncat. " 
, occidenta1is ." 

(14 specimens) .1. f 539 " sp • C & S 
UMMZ 171947 Dermophis 

. 
mexicanus 0 

UF 42887 " " Il 

* uncat. " " " 
MHW 890 " " " . 

'-4. MHW 892 " " " 
MHW 893 " Il " 
MHW 894 Il Il . Il 

MHW 895 Il " " 
MHW 896 " " 1\ 

\. MHW 899 " " Il 

1 62746 " " C & S 
D 1035 " " " 

0 * 959c " " " 
* 9302 " .i Il 

." 9581 " ." " 
* 939 " ta " 
." 10079 Il " " ." . " 1348 " C & S sp. 
0 1()37 Il Il If 

* 971c Il Il , If 

0 1(>62 u " If 

0 1078 " " " 
* 9589 n ft ft 

* 730a. n .. .. 
~ 

* 789b " n If 
$ 

* 930a n " .1 
1 

* 772c " .. Il -:.-.- ." 730b n .. If , . 

* 869a II " IL 
/' 

." 789a " ," " 
~ , 

1 
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SPECIMENS OBSERVED , 

A.Gymnophionans. 

1. Pamily Caecili1dae 

t Genus Speetes 'Condi tion 

* §236 Dermophis mexicanus a " s 
* 772d " " " 
* 772e " .. " 
* 772b " .. " 
* à13 " . " " 
* 790 " " " , \ 

* 923a 11 " • 869a " Il 

• 4132 " Il 

* 792a " '1 .. 783a " Il 

* 869b Il 11 

* 783b " " ft 

* 779a " .. " 
* 779a Il .. " ~ 

* 897 " Il " 
* 891 Il Il " 

.... 

• 1380 " Il " 
* uncat Il " " 
UMMZ 172068 Gegeneophis ramaswamii e " s 
UMMZ 182014 It Il " 
BM 1131" Geotrypetes grandi snoae e

J

" 
S 

* 514 " seraphini Il 

* 516 Il e Il 

* uncat. Il " 
(3 specimens) 

MCZ 22408 " .. 
• 530 " " • 515 Il Il 

* 501 <.i' " 1 
Il 

* 502 Il Il 

* 539 " n 

* 1304 .. Il D 
UMMZ 145047 Grandi sonia alternans e & S 
UMMZ 182012 Il n " 

'<" CNHM 189046 Gymnopis Mu1tiplicata e " S 
MCZ 8 .. Il . W 
MeZ ? Il Il " 
• uncat. .. Il e & S . \, (2 specimens) 

, CNHM 166830 Herpe1e Squalostoma e & S 
UMMZ 169935 Hypogeophis rostratus C & S 
UMMZ 146994 If Il 1. 

0 UMMZ 174032 .. --J' li 

OMHZ 174037 .. " " 

2 
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x. Fami1y Caeci1iidae 

• Genus 

UMMZ 174040 
'Ir 1946 
UMMZ uncat.,.! 
UXMNfJo 96671 
UIMNH 57303 
CNHM 75753 
MCZ 2'0912 
ZNK R0239 
ZNK R0276 

Hypogeophis 
lqiocranium 
Indotyph1 us 
Microcaecilia 
" 
Schistometopum 
If 

Siphonops 
fi 

II. Fami1y Xchthyophiidae 

Genus 

CNHM 189165 
CNHM 189167 
CNHM 189245 
UMMZ 181759 
UMMZ 154884 
UMMZ 154071 
CNHM 189242 
CNHM 189229 

Caudacaecuia 
" 
" 
" 
Ichthyophis 

'Ir uncat. 
* uncat 

" 
" 
" 
" 
" 

UCMVZ 179663 
UCMVZ 179716# 

uraeotyphlus 
" 

III. Fami1y Rhinatrematidae 

• Genus 
\ 

\ 

LSUMZ 27266 Epicrionops 
LSUMZ 27245 " 
LSUMZ 27291 " 
LSUMZ 27265 " 
LSUMZ 27272 " 
LSUMZ 27289 " 
LSUMZ 27267 Il 

LSUMZ 27283 ".? 

LSUMZ 27243 Il 

LSUMZ 27317 " 
LSUMZ 27306 Il 

LSUMZ 27300 Il 

LSUHZ unea t • Il 

(2 specimens) _ r 
3 , 

Specles 

rostratus 
russe1i 
battersbyi 
a1biceps 
" 
thomensis 
gregor,i i 
sp. 
annu1atus 

Spec'1es 

aspfenla 
1arutensis 
nigrof1ava 
weberii 
kohtaoensi s 
" 
" 
beddomei 
sp. 
" 
narayani 

" 

Species 

bicolor 
Il 

" 
" 
" .. 
" 
" 
Il 

petersi 
" 
" It 

Condition 

c " S 
C " S 
W 
EtOH c' 

)" 

C " S 
" o 
o 

Condition 

o 
o 
o 
C &,S ./ 
o 
" .. 
" 
C ,. S 
C & S 

c " S ehele 

Condition 

C " S 
Il 

" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

) 
J ••• :-, 

" " 
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IV. Pami1y Sco1ecomorphidae 

t Genus J 

* 12226 Scolecomorphus .. 
HCZ 12216 " 
MCZ 27103 " 

\ 

\ 

HCZ' 5 " \ MCZ 25010 " \ 

\ 
\ 

V. Bamily Typhlonectidae 

• Genus 

MCZ Chthonerpeton 
MCZ " 
UMMZ 154071~ Typhlonectes 
OMMZ 82854 " 

(2 more) 
UCMVZ 179716 " 
* 146 " 
UMMZ 150625 " 
MCZ 99471 " 
MCZ 24524 " 
* uncat. " 

(8 specimens) 

10 undientified specimens. 

~. Fossil groups 

1. A!stopods 

III 3 

Species Condition 

uluguruensis C & S 

" C' & S 
kirki i " 
" W 
vittatu$ C 51, S 

Species Cond i tion 

indistinctum W 
viviparum W 

-compressicauda 0 
" , W 

natans C & S 
natans C & S 

" 0 
obessus C & S 
s~. u 

" Il 

• Genus' Species description 

KRNH 6912 Ophlderpeton amphiumium lower jaw cast 
AHNH 6908 " Il " skull cast 

~AMNH 6857 " " skull cast 
AMNH 6908 " Il skull cast 
8M (NH) R2673 " " skull cast » 
8H(NH) R26579 " " skull cast 
AMNH 6966 Phlegethontia 1 inearis whole specim. 

cast 
USNM 4184 n " " 
UCMP .62580 " cf. linearis bra!ncase 
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'II. Lysoropho ids 

~ 

t Genus Specles description 

BH (NH) R2544 Cocytinus gyrinoides cast, skull and 
vertebral column 

AHNH 4698 "Lysorophua" sp. akull 
AHNH 4699 " aku11 
AHNH 6172 " " AMNH 7558 " " AHNH 4884 Il " 
AMNH 4701 " " AHNH 4696 " " 
AM~H 4762a " " 
AMNH 4700 " " 

III. Nectr ideans 

RM 14.514 

RH 14.510a 

HM M339 

RM. 14.502 

• 
IV. Microsaurs 

uncatalogued 
uncatalogued 

Genus Species 

Pfyonius mummi fer 

" " 

description 

çast, skul1 and 
partial postcranium' 

cast, entire . 
. skeleton 

Urocoidylus . sca1aris cast, skull and 
postcranium 

unidenti f ied Partial postcranium 

1 / 

Euryodus sp. dentary and poscranial elements 
partial maxilla. unidentified. 

V. Dis~orophids 

f, 

AMNH 6841 

Genus 

Amphibamus 
.. 

SpeciEfs 

1ye11i 

description 

caat, entire •. 
specimen 

, .. 
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Ptimitive VI. tetrapods j 

• Genus Species descr iption 

Ichthyostega cast sku11, 
palatal view 

CMNH 11090 Greererpeton burkemorani skull. 

AbDrevi~tions: 

AMNH 
BM(NH) 
CMNH 
CNMH 
KU 
MCZ 
LSUMZ 
MHW 
RH 
UCMP 
UCMVZ 

\ 

UF 
UIMNH 

~eric8n Museum of Natural History 
British Museum (Natural History) 
Cleveland Museum of Natural History 
Chicago Natura1 History Museum. 
Kansas Uffiversity 
Museum of Comparitive Zoology ~arvard 
Los Angeles University, Museum of Zoology 
Collection of Dr. Marvalee Wake Berekeley 
Redpath Museum McGill University 

\ 

University of Ca1ifornia Museum of Pa1eontology 
University of California, Museum of Vertebrate 
Zool'ogy 
University 
University 

of Florida 
of Illinois Museum of Natural Hisïory 

\ 
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Untransformed measurement~ for caeci 1 ians. 
o~-er) LSKRF, WSKRF, WSKT, ARAPM, tOB, WOB, 
ArAC, OSK.J-J, LUJ, LSKAJ, OCTJJ, OTT, tPO, 
LRAPL, ARAPO. ArAC measured in mm 2• ARAPD 
degrees. AlI other measurements àre in mm. 
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Values are (\in 
DTR, TOA, 'l'lA, 
ttJPM, tRAPU, 
and ARAPM in 

~ \ 

.. 

"f 



-}'- 0 / _0 ---"'" 

1 Caeeilia OCCid 7.t36 6.11i 1.t15 13t.410 5.'Tl 4.143 1.131 •• 1.110 1.3'5 5.'11 S."l 1.506. '.&73 1.'0' 1.4" 117.158 
% Ceotr,pet .~r.p S.'7' (.7.f t.371. 5.143 3.141 0.176 •. '.8%3 1.4&1 3.150 4.357 ~.9Z3. 1.S16 
3 t,"loaec Obe, 5.'" 5.!a5 1.t35 115.11S 4.551 4.113 o.!!e .. 1.006 1.IT7 1.511 C.l11 1.103. 3.57' 1.845 Z.174 141.131 f 
4 TJP~loate latal '.11S '.414 5.11S 154.2t3 • " 1.1U • 1.575 3.9%1. 3.a!! . Z.SU • 
5 G,llopi. ..lti '.'35 C.lt' t.ttl lS5.t10 • 9·313 1.'35 1.511 3.ll! 1.ILI 1.1!' • s.ln 1.8%4 .. 151.141 
, Geotr,pet ,raid 4.473 • 1.35' • 3.457 1.141 0.&55 0.14' 3.%31 1.551 3.511 1.117. 1.411 0.9TI 1.01S 154."3 
7 Arrocaeei taita 5."7 3.15Z %.431 154.'11 4.003 %.ZI' 0.t09 0.441 1.053 • 3.C74 1.4U. 3.41T 1.410. , 
1 Ceotr,pt~.trap 5.314 3.111 t.'31 151.t53 4.lt' 3.001 0.614 D.301 1.411 4.51' 5.01' 3.645 1.141 1.165 135.311 
9 Derlop.i. leric 1.11' 5.TOC 1.Ctl 141.'3',5.111 4.110. 0.S3' 1.9'3 3.110 C.561 1.430 1.113 . 1.711 3.111 3.411 14%.435 

, 11 GeotrJpet .er.p '.I1~ '.711 1.51% 1"."0 5.141 3.195 0.'30 0.516 %.114 4.36' 5.30t 1.681. 3.153 3.508 1.551 1."1 150.4OS 
l% Geo,trJpet .erap 7.1%5 '.t!4 t.if9 15&.415 5.339 LOU 1.113 0.598 t.9&1 4.'&4 5.190 • 3.515 4.00Z 1.'" 1.5eO 111.1" 
13 taecilia ockre &.ZS4 S.il' 3.159 141.415 • 3.105 • 3.2l1 4.%3' 5.731 J.373. 3 .. T" 1.Ul Z.420 U5.53t 
14 louleD,er boule 4.913 3.415 1.1" 110.511 3.013 %.&10 0.7" 0.353 1.'51 3.115 4.044 1.1J3. 3.411 1.111 1.tTl 15'.101 

.- 15 BouleD,er lait. 5.603 3.5" 1.'1' 141.115 3."3 • O.lU 0.1&' 1.11% 3.'SI 4.380 t.O&5. " . 3.4T3 1.'" 1.814 131.105 
1& Geot1Jpet lerlp 8.146 1.008 4:tU 154.591 6.055 9.878. 0.141 t.%ll 4.35& 5.S4h 3.576 • 3.160 t.94& 1.15T t.311 14t.l" n TrpUODeC sp. 8.%%9 1.%46 4~55% 151.01T 4.819 54399. 0.711 1.908 4.566 4.500: t.066 1.117 t.434 3.659 1.418 1.1%1 11'."3 
18 Uaidut sp. 4.663 3.111 1.9(0. 3.101 %.561 1.118 0.190 1.155 3.41& 3.664'. t.1n • . 
II Geotrlpet lerlp 4.985 • %.%19 156.101 1.1fl t.59' a.T&1 0.t13 1.8t& 3.535 4.539 1.591 0.691 t.411 t.685 1.3&& 1.498 139.50: 
U UDidnt Bp. 4.t88 3.0%8 1.959 153.343 3.09' %.%5C 0.C81 0.J51 1.791 1.888 t.44t 1.390. I.Tll 0.901 1.191 111.413 
%1 Geotr,pet lerlp 5.3" 3.T'0 2.351 169.16' t.021 2.93; 0.78S 0.152 1.142 3.684 4.250 1.636. 2.931 2.719 1.505 1.431 113.505 
tl Deraophil aelic T.19T 5.395 1.93' 151.415 5.615 '.261. 0.566 1.10S 4.505 5.713 0.886 1.311 3.41Z 4.405 1.41. 2.'53 
U TJPUoDeç Bp. 9.Z~8 1.60& 4.149 141.03~ 6.ll6 4.911. O. TU • 5.848 T.s43 1.186. ~ 
25 GeotrJpet lera 8.459 6.858 %.744 145.'71 '.101 4.094. l.nt • 6.t61 6.Tll t.t95. 5.555 • . 
%6 Bpicrioao peter 9.023 6.981 3.533 112.731 8.43~ 4.76t-. 1.682 4.016 &.632 6.161 3.865. z.zeo 6.005 Z:3.9 Z.530 l".ZTO \ 
ZT BpierioDo bicol 9.699 1.193 4.113. 8.906 4.846. 1.611 %.403 T.&Ol 8.058 3.0T4 . 3.Z48 T.151 %.T51 3.205 111.J34 
28 Bpicrioao peter 1.595 T.T'l 3.411 140.58' 1.T15 5.131. 1.8C3 t.81t '.&11 8.303 2.523. 1.630 %.382 1.341 1&9.10S 
29 IpicrioDo bicol 4.451 3.511 2.170 17 •• lt5 3.151 t.59' O.,., 0.195 1.839 3.832 4.54' 1.151. 3.499 1.019 0.843 t84.597 
30 IpicrioDo bicol 9.942 '.7ft 4.140 163.061 9.103 5.'54. .• 3.080 3.616 T.9é6 8.426 2.164. 3.150 T.130 Z.9T9 3.1TO 155.598 
31 IpicrioDo bicol 4.219 1.OZ4 1.955 113.403 3.351 1.411. 0.2'4 1.11! 3.054 3.065 1.841. 2.4%1 0.823 n.T89 I1T.98& 
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0 \ 0 
3~ Ep1ctioD() peter 5.095 LOU 2.554 166.20t 4,858 3.423 . 0.411 1.117 4.4ZZ 4.840 1.98Z. Z.8~4.3Z1 1.414 1.%75 186.415 
33 Bpicriofto bicoi 7.t&7 6.353 3.240 171.295 7.183 3.700. 0.939 3.510 5.901 6.31t t.6Z5 . t.949 • 1.180 1.891 119.59: 
34 IpierioDQ bleol 5.363 4.867 Z.640 164.Z81 •• 547 3.302. 0.116 . . 
35 Ipier'olo bicol T.343 6.&4T l.OTt 114.531 1.613 5.249. 1.932 3.521 6.300 1.163 3.221 . 2.6g1 5.613 1.991 1.766 168.1f4 
36 IpictiODO bicpl 7.370 &.T77 3.441 116.425 6.985 4.782. 1.662 . 1 • 114.~?l "1 

31 Ipicri~Do bicol 6.465 5.3T5 1.88T 161.175 5.35Z 3.453. %.337 4.985 5.766 . 2.111 4.051 1.594 1.451 116.700 
31 !pieriDDD peter 3.315 2.52' 1.083. 0.496 . 

" 

39 IpicrioDo peter 4.108 3.516 1.684 176.113 3.13T 3.119 0.781 0.412 1.970 2.188 3.%1% 1.989. %.561 • ~ 

40 Scolecolo vlu,u 5.Z4% 3.'47 Z.109 1Z7.5%& 3.80% 2.%31 0.9%4 0.292 t.319 3.709 (.305 0.995. t.Olt Z.UO 1.311 LU6 110:150 
41 Se.istole t.ole 6.803 5.1T5 1.589 141.341 5,116 3,119. 0.431 %.910 •• 389 5.081 t.tlt. 4.tG3 %.766 3.134 141.145 
U ScUatoae ,re,o 5.595 tlU 1.051 nO.4U • 0.359 . 
43 tc~t~7oP~ sp. %.465 4.5?6 S.401 %.65%. %.981 4.944 ~.36t %.8TO 119.058'" 
44 Geotr7pet sera, 1.529 6.%34 2.189 159.041 6.%50 3.113. 1.18Z 2.986 5.653 6.Z61 Z.603 2.360 3.452 5.350 3.228 3.743 I1T.~04 
4S Uai4eat sp. 1.914 1.519 3.1l0 153.611 5.686 3.916. 0.96% 3.660 '5.189 6.443 . 5.1(1 t.961 3.151 1(1.803 
47 Caecilia oeeid 6.641 4.611 1."3 119.1&9 4.116 3.115 1.199 0.463 t.6f1 4.166 5.t66 1.311. t.613 t.99Y 1.361 1.'11 139.3'1 
4' Geotr1pel lerap T.411 5.139 ï.735 151.553 6.032 3.919. 0.6TO 1.459 5.811 6.11~ 1.61&. 1.964 5.190 • 
U Uaidellt .p. 6.233 6.034 3.(t3 123.190 4.315 4.317 • 0.455 %.663 5.196 1.131 . 5.161 1.34( 2.84& 134.051 '\ 
50 Derlop~ia Itzie 8.S61 '.1&S 4.130 161.996 1.413 4.830. 1.510 2.682 6.6Tl T.364 t.136 1.891 4.680 6.298 %.5tl 3.19% 140.188 
51 ',p~lole .p. '.lOa 1.',1 4.411 140.653 5.714 5.385 1.168 1.233 4.103 6.~23 8.546 3.05Z 3.110 4.Z17 6.34t 1.096 3.139 139 .• 06 
51 Ur,eot,,~ Dara, 5.t63 4.&56 2.116 131.195 3.074 3.096. 0.123 1.616 4.0%9 4.639 1.911 1.864 It4.950 

~ 
53 f,,'lolle lat .. 1.950 5.615 1.5%1 145.561 5.0%9 3.511. 1.316 4.184 t.85? 4.33t 0.985 t.014 3.580 1.890 Z.040 119.119 

;, 51 Caeeilia occid T.716 4.147 1.8TO 14l.513 5.118 3.354. 6.515 t.t38 4.88T 5.64& 1.&86. 3.1t9 3.T91 1.T86 1.1,a 138.105 :: " 
'~ 55 C&ecilil occid T.910 5.tst 3.0il 144.iOO 5.T61 3.5t1. O.52e t.13t 4.331 5.639 I.T55. 3.503 3.935 %.556 1.&31 13&.12~ 
;:;., ., St Caec.ilia occid 4.964 3.tH 2.090 161.119 3.464.- 1.316 . 0.Z86 1.58T 3.181 3.114 1.635. 2.190 2.iOO 1.381 1.353 142.333 
f 51 t.teilia occid 4.396 3.03% 1.6S9 13'.181 3.109 t.t50 O.,tt O.~lZ 1.508 3.160 3.636 1.39J. t.111 1.423 1.65! 13&.22' l', 

59 Cltcilia oecid 5.855 • 1.118 142.96S 1.139 t:Tt9 1.011 0.%81 . . . 
f~ 60 C&ecilia oerid 6.035 4.01' t.63& 148.T54 4.1%5 %.11T. 0.32' 1.045 3.99V 4.48% %.303. %.lU Z.881 1.555 fan m.UG 

il Caecilia occid 5.5T' 3.102 2.454 115.981 4.4T3 2.657. O.60t t.134 3.813 4.598 1.866. t.191 t.183 1.3251.15' 141.132 
61 Cae~ilia oceid 7.1Z1 4.144 t.414 160.ZZ0 4.590 3.115 • 
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53 éaeeilia eeeid ~O% 3."7 %.4l7, 
, 

.. &01 1.1'U . 
" Vli'e~ l'. f.5~f 5.450 1.011 LeC.llS • 
'5 Gettrr, .er., C.l1' %.555 1.tCl 177.551 3.3%1 1.351. 
"Caecilil oceill '.'41 •••• 1 Z.815 143.'" 5.3%& 3.013 . ,1 

" lerpele .... 1 7.535 5.007 t:53C 155.91Z 5.371 3.90C . 
S, IcoltCtlO ,1." S •• " 3.'" 2.124 . 3.SU 2.321 . 

• 

e' ... -.. ' 

.. 
1.901 l.750

Œ
4.Z97 3. !C 0 1.305 1. 4 S!. IlS. S:: 

0.3" 1.321 '.151 5.101 2.118 3.453 4.74& l.stl Z.iC' 141.~OO 
0.1'4 1.546 3.039 3.35' 1.355. 1.51' 2.a~, 1.211 1.411 140.139 
0.313 l.st% 4.193 ~.z31 %.%4'. 3.455 4.144 l.a46 %.tel IlS.301 
o.n! . : • 
Or2l5 %.1%5 3.430 4.10' Z.096. %.70C 1(0" 1.731 131.131 

. . 
" 'colecolo kirki I.'Sl 4.4S1 t.I'6. 4.913 t.U4 . t.331 4.151 5.5!1 1.941 . 3.010 1.&01 1.09' 111.'31; 

~. '" . . 
( 70 Seo !eCOlO yi tta '.15 0 5,.845 4.1 OZ . . 0.910'3.513 5.949 6.111. l.!l' 1.113 5.013' 1.351 3.115 l!S.lll ~~ 

12 lhIillelt .p. •• 255 %.409 1.512. t'.f58 1.1&0. J 0.054 • • r 
11 Uaidelt Ip. 3.n5 ~2.166 1.3n. l.lU "'49. O.lU 1.m tlU 3.133 t.Ul. .. r-
Tl tdiocwi nlle 1.US 1.111' 1.151 ;....... . \ ' 1.183 1.9~S 0.550 .. '0.103 1.059 1.919 1.4'3 1.611. . , 
" Derlop.it .p. 10.'51 1.96% 5.000 1l5.6T~ 9.0%' &.IT'. 4.%30 T.510 1.'66 3.T01 . 5.436 1.511 3.ZIf 4.584 143.,.0' 
11 "pUolee Ip. 10.464 '.617 5.3%3 1.4.912 8.'43 6.780. 4.3%% 7.T48 10.130 . 3.344 4.809 1.308 3.43L 4.ttt 14t.lSO 
f. T,p~lo.e? sp. 11.637 9.51' 5.306 132.340 • 5.0%t 9.3i5 10.811 3:591 4.392 5.301 1.t1& 4.&t0 6.lt6 131.158 

." Ulillelt Ip.' !.148 6.591 !.U8. 6.%33 4.916. . ..' 1.403 3.TOI 5.036 6.880 2.861. 3,306 4.803 l.413 1.935 1%1.736 
10 DeriopUI ler,ie 1.&40 4.163 %.1%8 133.3954.140. 4.3%0 . 0.648 3.011 5.061 6.0Tl %.654. 3.360 4.410 3.~18 3.%98 153.663 
81 Derlop'il leric 5.Z41 4.511 %.1%3. 3.89% 2.9;3 . 0.%61 t.t%3 3.9%5 4.583 1.%%8 0.T88 1.98Z 3.59& 1.JT8 1.593 151.'55 
1% Deriop.i •• eric 4;'70 3.103 %.574 163.236 3.358 1.9 2 . 0.458 2.394 3.Z88 3.T69 1.635. 3.001 'I.zn 1.451 155.201 -
83 Derlop.i. leric 5.8T6 (.444 1.714. 4.068 3.527 0.763 0.C06 2.283 3.425 4.210 1.6t8. 2.552 . 
8C Derlop.il leric &.6T1 5.051 3.0T9.16%.%31 4.561 3.691. 0.4%T %.141 (.%~ 5.341 1.8'. %.685 3.111 t.~58 %.601 14% •• 9' 
85 Der.oplis .eric 4.111 4.514 %.953. 3.513 3.Z6Z 0.443 0.189 Z.834 2.9.60 4.014 1.118 0.9,04 1.683 1.U& un 1.8n H3.33' 
• , Derlop.il lerie 6.663 5.211 3.(30 164.3%4 5.033 3.975 0.638 0.444 %.31% ~.tOa 4.914 2.393 1.1%3 3.557 . 1.119 1,655 1(6.115 
81 Derlop.i. aelic~l 5.494 3.452 135.231 5.027 3.436 . 0.668 . 

'" '0 Oerlop.i. lexie'. 9 4.653 3.161. . t\535. 
_ '1 Derlop.1. lerie 5.904 4.118 %.9'3 118.5~5 4.211 3.590 . O.31l 2.8&4 3.983 4.581 1.8T'. 1.139 3.514 1.841 1.199 144.'06 

o 91 Derlop.il lerie 5.230 4.625 ~.QI5 159.430 ~740 3.154 . 0.373 3.017 3.4S6 3.981 2.41T. 1.889 3.371 1.t7T 1.419 155:300 
93 Derlop.i. lerie 5.354 4.5Z1 t.817 16T.Ot8 4.'00 3.433 . 0.%50 . , . 
94 OerlopUs lexi'c 5~111 4.139 2.U5 168.6%6 4.246 3.210. O.~64 2.483 3.t79 3.ST9 1-.836 0.4U 1.9t~.603 1.551 1.113 151.0%4 
95 Derlop.i. lexie 5.514 4.555 2.t,O 169.953 3.9'& 3.503 . .1.. 3.304 3.6'91 4.106 %.560 0.619 1.99 .088 1.511 1.534 159.886 

, 1 9~ Derlop.is lexie 4.608 4.120 %.656 163.699 3.945 3.046 . 0.300 1.790 2.599 3.258 %.356 0.806 1.715 t.(91 1.%6& 1.113 160.139 
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" Der.op~ia lelic 5.151 4.513 t.T3! 110.496 4.018 
98 Derlopiia lelic 5.496 4.t91 2.735 168.790 4.418 
99 Derlop~il .elic 4.443 t.953 3.690 160.161 • 
10~ Derlopiia lelic 4.'41 3.9T3 .1.1" 112.180 3.539 
III Derlopbi. lelic 4.594 4.047- 2.829 169.563 1.851 
102 Derlopkil lelic 4.519 3.153 1.410 161.331 3.016 

• 103 Derlop~il leric 5.029 3.468 4.383 170.646 3.634 
105 Derlopbi. lelie 4.S8Z. 3.616 • 
1~6 Derlop.i. lelic 4.101 1.149 3.073 163.480 • 
lOT Der.op~i. lelic 4.414 3.405 t.5Z3 1f1.952 • 
ttt Detlop~~nic • ' 3. US 
111 Derlopil. lelic 4.613 4.0Z3 %.811 . 3.Z75 
109 Der.op~il lelic 4.08T Z.T9% 1.346 169.959 3.%39 

_ 110 DeraopUI lexie 1.9n t.US. ' 112.757 3.9t5 
11Z Derlopii. lelic 4.100 3.110 1.505 116.S%Z • 
113 Derlopii. lelic 3.6'1 3.058 .1.669 170.Z3& • 
114 Derlopkil lel;e 3.698 3.580 t.649 16T.269 2.294 
~54 Detlop.i. lelic 11.~I9 \6f27 5.015 154.449 8.539 
115 B~leopi rOltr &.010 • 141 1.148 151.507 4.401 
116 Derlopiil lelic 6.130 ~5'0 2.115 169.501 4.4T6 
Il' I,poleop~ rOltr '.1%3 ~, 3.067 1'7.7'0 5.18T 
llalaraadilol .lter s.". '.961 4.008 14T.161 T.100 
119 Ge,eleop. rll •• &.481 Z.779 5.006- 143.1%4 5.17' 
110 Caldacaec weber S.tTO T.3t4 a:.51t 156.093 6.183 
111 lfrocaeci lalla 5.134 3.'" 1~53' .60.269 4.436 
III ACroeaeci t.ita 5.551 4.1&1 Z.397 15'.015 4.30% 
113 'JPO'eo" tGltr 5.34' 3.695 1.383 liz.796 3.80Z 
lZ4 Ic~tiJO'. kokta 7.'01 5.110 3.1&% J& •• C9C 5.50! 
115 Dtrao,U. luic Il.411 10.116 5.100 iS3.101 8.195 

l Ils (eU~fO" toUa • 5.ns.- . 5. 7n 

i 

lit tr,.lolec latal 11.T18 a.8T' •• 03% 151.T15 &.714 
ltl ~loaet coa,r 13.151 10.1" 5.425 146.0'5 7.C'1 
IZSrcaecilil telta T.'14 5.494 3.134 154.357 5.1&9 
t31 Catcilia aiari '.S6' 5.931 3.610 153.33S 5.6f7 

-

3.163 0.193 .. 0.283 1.760 3.162 
3.349 0.506 . ~.351 2.883 3.394 
3.111 • •• 0.1&1 t.oSt 2.644 
3.148 0.352 0.217 1.945 3.059 
3.160 0.583 0.%48 2.488 2.819 
t.I14 0.409 0.t16 1.86! 2.190 
3.264 0.41t •. 0.509. 3.065 
%.&47 . ' 0.96% %.404 
t.786 • 1.154 t.133 
3.134 0.544 1.29Q1. 
3.353 0:41' 0.345 1.5'50 %.984 
3.3Z4 0.5r4 0.166 • 
1.997 • 1.%37 Z.480 
1.968 • 1.050 1.236 
%.371 . 1.366 . 
2.1%5 • 0.896 t.3H 
3.045,. .•• 
5.'40 .,:-- •• '1.U) 3.914 8.072 
3.301 Ô.531 !O 18 0.313 1~410 4.056 
3.402 0.967 21 23 0.363 2.468 4.484 
tOlT • 

4.325 1.882. 2.011'3.130 
3.822 ;.468. 4.829 Z.881 
1.938 2.093 0.2.9 1.618 1.813 ," 3.603 1.017 • 1.839 t.SlO 
3.t83 1.983 '.' 1.825 2.275 

o 
1.3~ 1.403 156.41l 
l.iél'I.5B8 145.739 
0.896 0.814 171.341 
1.033 0.901 110.335 

3.416 1.801. 1.568 2.663 0.8Z1 0.869 154.988 
3.519 t.448 0.521 1.814 2.415 0.9T4 1.005 
%.99% 2.041 . ;:~:,--%.Z14 
1.618 #1.829 . . 1.981 0.656. • 
3.051 1.908. • 1~90Z' 0.593 0.&01 161.813 
3.621 1.8". 1.848 1.334 0.857 0.989 112.655 

Z .,888 1. 745 • 
2. %36 1. TU • 
2.i51 1.851>. 
t.S.91' 1.615 . 

..... 

Z.(35 0.970 1.16! 1~1.105 

1.376 Z.Z99 0.Tl1 0.131 171.19% 
1.309 1.9i' 0.T13 0.51% 168.106 
1.55% %.21T O.Tlt 0.640 111.350 
Lm Z.zao 0.157 0.561 lU.348-e-, 

9.0T7 2.T63. 5.490 1.919 3.333 4.004 141.11' 
5.746 I.T54 1.441 3.181 3.91% l'.905 1.90& 141.301/ 
5.1'4 2.881 1.810 3.158 4.371 1.158 %.4&9 141.a~ 

" 4.T49 0.969 19 ZÔ 1.081 3.%90 5.167 6.!l8 (.15& 2.071 3.03& 1.009 3.663 3.9Z3 ~&4.509 
3.551 0.944 Il 15 0.391 Z.133 4.359 5.0t8 4.013 1.432 %.Z91 166.58& 
4.'86 0.653 t3 11 1.543 3.0&5 6.1%1 6.801 3.170 %.015 4.41065.819 Z.3!3 3.5%4 138.111 
3.01' 1.043 14 18 0.150 2.319 4.14T 5.179 1.tT8 0 4.089 1.534 1.460 156.18% 
%.111 0.986 13 l( 0.%1& 1.706 3.626 -4.395 %.204. • 3.809 1.954 1.%01 145.~'4 
%.S51 • •• -. 1.141 Z.894 3.511 1.4IT 1.05% 1.685 %.j40 1.·105 1.7%0 Ua.5U 
4.193 0.T05 li 11 0.T9! 2.3'0 5.495 5.941 2.4TI 0.11& 2.&5& 5.040 1.202 z.atl 15t.1~ 
6.013 1.654 19 19 1.664 4.4~ 10.546 li.t04 3.91& 1.315 &.171 10.394 3.143 4.704 149.54' 
4.470 0.1Z&. • 0.101 %.491 4.91& 5.Z13 3.564 0.93& 3.331 5.97' %.7&3 3.15J 147.900 
6.ZZ8 1.35T 18 IT %.513 T.453 3.701 9.163 3.T95 :f.Z39 5.0%5 5.'10 3."8 4.'10 14'.50% 
5.7D' 1.3C5 15 25 1.577 4.053 10.323 12.605 3.325 4.192 6.0'8 10.507 3.131 C.ll5 13C.t51 
3.357 1.'91 1 1 1.091 1.518 5.065 7.105 1.9.& 1.%30 ~14 5.'5' Z.I" 1.143 14%.te5 
3.131 1.169 Il 10 0.958 1.915 T.%31 T.5S' 1.131'. 6.1'5 t.185 1.043 13S.11' .. . 
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. 
131 Caecilia te.ta 9.1t. 1.141 3.851 141.S4t "t" 4.t09 t.401 Il Il 1.45% 1.514 T.19' 8.QZf 2."'. 3.8T2 ~.193 
13t Si,.OIOp'_lp .. 5.85' 4:359 t.t'3 14'.'8Z 3.3" 1.114. 14 .-. 1.905 1.106 4.%35 Z.148 0.10' 1.411 3.511 
133 Sip.OIO'1 ilili 5.t'l 5.13' t.le, 15C.I5t 4.155 3.'3T '.IZ' I~ 14 0.151 t.ITI t.Ttt 5.55% 1.681 0.181 1.144 '.110 
Il~ fJP.lolec Ip. 1.4'1 1.415 1.'54 145.151 ~.t41 3.'31 1.3'1 13 14 1.14' 1.141 '.t'7 t.910 1.064 1.591 3.'40 5.956 

-135 Der.op~is lesic 5.491 4.415 1.193 14S.14t 4.'40 t.'" 0.154 li 15 '.435 1.'40 .ti2 4.1tl 1.0t1 1.163 1.'93 3.110 
135 lc't.,op' beddo '.331 6.181 3.811. 5.511 4.330 '.14' JI 13 J.3" 1.'15 1. 7.545 Z.454 1.101 1.414 • 

, 
1.320 3.%17 140.589 
1.e,0 1.'51 l'S.~'' 
1.,eO t.1tS !41.015 
%.909 3.10e l1e.'3« 
1.151 1.39& 148."0 

%.f11 3. 3' 1&0.10' 
%.&%t t. 31 le5.&01 

131 Ca"acaec lIple t.43t 5.1&6 3.13t 1'4.'51 5.4" 3.t43 '.TT5 II lt 1.1Z0 t.lTI 6.031'. t.431 • t.t'I '.55! 
131 Caadac.ec larlt '.7'3 5.145 3.gel 154.511 5.451 4.Z43 0.t3l l' 11 1.157 1.500 1.4Z4 1.&31 2.46% 1.501 4.115 7.tll 
i3t CaGiaeaee ai,ro 10.093 1.396 4.050 154.34' ':&18 5.149 0.813 11 10 1.541 3.0&9 1.&41 1.51& 1.413 3.321 4.340 1.412 
140 lcktk,op' ko.ta 10.t94 t.81t C.OT3 lSI.3SS 1.161 4.'91 0.10S II to 1.115 1.T&1 9.331 t.41t t.5t4 1.311 3.463 &.10T 
141 Kicrocaec albic &.111 4.3t7 %.158 150,014 4.634 t.l11 0.135 • 14 0.3'1 1.306 4.330 5.016-1.040. 4.350 
141 Kicrocaec a~ic 5.616 %.415 1.379. 3.816 1.605 •• ,,5~ 1 14 0.4&7 1."3 4.361 4.53' 1.17Z O.IT. 1.194 4.30T • 
143 Ceotr,pet sp. Il.181 '.6%5 1&1.%%' 1.500 '.Z5.. lZ.. 3.750 '.750 Il.150 3.5" 3.8r5 5.141 T.8T5 4.404 4.65T 141.'" 

i.4oS i~o l~lti 

3.11' 4. '15&.&0. 
• 31 151.341 

,144 Derlo,kil .p. 9.87T 9.500. 15t.605 Il.6%5 6.375 1.375 18 19 t.41% 3.815 1.150 8.500 5.11' 3.i50 4.91S 8.315 5.316 5.T9T 151.t18 
145 r,p.loaee .p. &.500 154.574 1.'50 5.815 3.150 19 11 1.311 3.615 8.500 10.150 3.115 4.375 • &.815 3.931 4.310.141.534 
146 Derlop.is 'p.. 1%.%50 • Il.500 1.%50 1.3T5 13 16 1.&17 8.315 10.&15 1Z.114 4.6%5 3.315 . •• • 
147 fJP.loaec-sp. Il.035 '.315 • 8.115 6.000.

Q

• 13 •• 1.615 T.500 '.%50 3.863 3.115 • 1.500 1.95. 3.154 Ifr.101 
148 Caeeilia occi46.458 '.150. ~14T.I31. 3.800 • • 6: 1.~00 '.000 &.315 1."5 1.51S 3.015 C.615 1.908 1.t56 140.1Tl 
14' Ic.t.JoP~ .p. 1.750. 163.03t 10.250 5.000 0.8T5 18 19 1.949 3.%50 10.t50 10.%50 %.05~ 1.375 • 8.115 3.310 4.530 144.1&1' 
150 Caecilia 'p. 10.393 6.875 3.945 1&1.103 6.500 5.000. 19.. 1.ffo '.150 9.000 3.669 1.000 4.010 7.150 1.490 3.193 145.153 
151 Caecilil .p. 6.150. 150.17' &.150 5.5000.875 13 110.908 3.0005.500 6.500 1.847 1.8'5 • 5.375 Z.'703.1",150.751 
151 Derlop.il aeli~. 10.115 • 147.154 10.115 6.615 1.150 16 16 1.l51 3.750 9.&15 10.500 4.595 • 1.615 10.115°4.517 4.660 156:&01 
15~Der.àp~il lelie • 6.315. 154.384 1.115 4.3150.175 15 Il 0.914 2.625 5.815 6.500 3.115 1.500 .' 5.150 3.011 3.503.144.519 
154 Der.op~il lelic • 10.150 • 139.990 10.15J i.150 1.500 11 11 1.815 4.250 9.315 10.150 C.811 1.3T5 8.25 4.151 4.914 151.918 
155 Derlo,kil lexic-. Il.500 • 145.&49 II.100 t.OOO 1.500 14 14 1.159 4.315 10.115 It.OOO 4.1t8 1.50 • 15 l.414 5.451 150.344 
156 Derlop.îl lesic • 5.800. 156.&13 %.875 6."5 0.750 14 9 0.147 %.815 5.175 6.6%5 2.618 1.50. 5.250 %.119 3.331 1~.600 
157-oerlop~i. lexie. 5.800. 156.694 %.175 4.3T5 1.115 14 Il 0.889 1.875 &.1%5 &.815 %.859 1.375 . 6.000 3.11% 3.686 let.3T. 
158 Derlop.il lexie. 10.000 • 14'.53& 10.315 6.'%5 1.150 15 15 t.4t1 4.375"9.150/10.315 3.146 2.500 . 8.150 4.5'5 5.215 141.181 . 
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APPENDIX Il 1 -
0 ~'" AN~OMICAL ABBREVIATIONS 

ha \ Basal articulation r' 

bo Basioccipital ., 
Bc Braincase , 

hs Bas i spheno id 

cmj Craniomandibular joint 

eo ~occiPital 
\, 

EOC Exoccipital-Opisthotic 

F Frontal 

Fp Frontopar ietal 

J Jugal 

L la-cr imal 
, 

/' M Max i 11a l .,. 
1 
~ MPa Max i llopa latine {~ 

" N -Nasal ~ 
~ 
" 

NPm Nasopremax i 11a -~ 

0 Opisthotic 

OB Os Basale 

P Par ietal 

Pa Palatine 

Pf Post frontal .. 
Pls P leu rospheno id 

\ ) ., 
Po • Postorbi tal 1 ; 

! 
'f 

PP Postparietal "-.. 
• 

,s 
Parasphenoid 
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APPENOIX !!! 
~ o ANATOMICAL ABBREVIATIONS 

Psa Pseudoangular 

Psd P.seudodentary 

Pt Pterygoid 

Ptq Pterygoquadrate 

0 Ouadrate 

Oj Ouadratojugal 

Bo'" " Supraoccipital 

St SUpt a tempor al 

Stp Stapes 

T Tëf!)ular 

Ta Tentacular apeture 
~ 

V Vomer 

X Tenth nerve foramen .. .", "" 

'" 

• 

, . 
( 

\ , . ) 

228 , , 

'" , II 


