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27 A NEW ANOLlS FROM CHIAPAS, MEXICO 

erra de JuCrez, vicinity of Metates (MZFC 2254); (by air) ENE Coscomatepec, at junction of Rio Ja- 
48.3 km (by road) NE Llano de las Flores, 1640 m, mapa and MCxico Federal Hwy 125, 1340-1400 m 
k m  103 along Oaxaca-Tuxtepec road (UMMZ (MZFC 5096-5106, 5108); about 2 km (by air) SW 
130955); Sierra Mixe, Totontepec, 1768 m (UTA Banderillas (ca. 8 km by air NNW Xalapa), Rancho 
14538-41, 18232-39); Sierra Mixe, 4.2 km S Toton- El Alamo, 1500 m (MZFC 5141-44);Mirador (USNM 
tepec (UTA 14542-44); Sierra Mixe, 2 km W Toton- 46653); Las Minas, 1400 m (USNM 148949-50); El 
tepec, 1950 m (MZFC 5300-03, 5325). Esquil6n (between Banderillas and Jilotepec) (MZFC 

Anolis sa1vint.-Guatemala: No further data (BMNH 5479); 6.0 km (by road) NE Coscomatepec on MCxico 

1946.9.8.19, formerly 83.5.24.42, holotype). Hwy 125, near km 28 (UTA 18230). 

Anolis schiedii.-Unknown (ZMB 526, holotype). MCx- Anolls vil1ai.-Nicaragua. Great Corn Island (KU 

ico. No further data (USNM 12091). Veracruz: 3 km 159646, holotype; 159647-59, paratypes). 
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ABSTRACT. morphology of the bony palate in larval and metamorphosed Epicrionops bicolor Bou- -The 
lenger and E. petersi Taylor (Rhinatrematidae) was studied to assess the extent of palatal change at meta- 
morphosis. In larvae the maxilla is short; it abuts the dorsolateral process of the palatine at mid-choanal 
level. The pterygoid is long and straight; it runs anteromedially, close to the lateral edge of the para- 
sphenoid. At metamorphosis the maxilla fuses with the palatine. The maxillary part of the maxillopalatine 
expands dorsally and caudally, surrounding the orbit and lacrimal ducts and completing the lateral border 
of the subtemporal fenestra. The anterior part of the pterygoid shifts laterally, broadening the interpter- 
ygoid vacuity, and separates from the posterior part of the pterygoid. The quadrate develops a rostrally 
directed quadratojugal process, overlapped by the maxilla and squamosal. A review of the literature shows 
that a similar pattern of palatal metamorphosis (except for the division of the pterygoid) is seen in other 
caecilian genera with free-living larvae: Ichthyophis (Ichthyophiidae), Grandisonia (Caeciliaidae), and 
probably Uraeotyphlus (Uraeotyphlidae) and Sylvacaecilia (Caeciliaidae). This implies that the shared 
pattern is plesiomorphic for caecilians. Features of palatal metamorphosis shared among caecilians, sala- 
manders, and frogs support the hypothesis of lissamphibian monophyly. 

Extant amphibians comprise three distinct, Parker, 1956; Szarski, 1962): that the extant 
monophyletic groups: frogs (Anura), salaman- groups are a monophyletic unit, the Lissam- 
ders (Caudata), and caecilians (Gymnophiona) phibia (e.g., Milner, 1988,1993; Bolt, 1991; Trueb 
(Duellman and Trueb, 1986; Milner, 1988; Can- and Cloutier, 1991; Cannatella and Hillis, 1993; 
natella and Hillis, 1993). The relationship of Hedges and Maxson, 1993). Since basal mem- 
each group to the others, and of these to fossil bers of all three modern groups have a biphasic 
taxa, has been much debated. However, an life cycle with a discrete metamorphosis from 
emerging consensus-based on both morpho- the larval to the juvenile form (Duellman and 
logical and molecular evidence-supports the Trueb, 1986), we might expect to find common 
hypothesis first explicitly proposed by Parsons character transformations retained in the meta- 
and Williams (1962, 1963; see also Gadow, 1901; morphosis of each group. Such shared character 

transformations could serve as additional lis- 
samphibian synapomorphies (cf. de Queiroz, 
1985). 

Present Address: Department of Molecular and ~ o t h  frogs and salamanders undergo pro-
Cellular Biology, University of Arizona, Tucson, Ar- found changes in skull structure at metamor- 
izona 85721, USA. phosis, especially in the palate and the hyo- 
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FIG. 1. Osteocranium of an advanced larva of Ep- 
icrionops bicolor (LSUMZ 27267). A, dorsal view; B, 
lateral view; C, ventral view. The scale bar is 1 mm. 

branchial apparatus (reviewed by Reiss, 1993; 
Rose and Reiss, 1993). By contrast, the extent of 
cranial change at metamorphosis in caecilians 
is not well characterized. Data on metamorphic 
changes in skull structure are useful because 
skeletal characters can be compared between 
extant and fossil taxa. Changes in the bony pal- 
ate are especially relevant to lissamphibian 
monophyly, since no non-lissamphibian is 
known to have had any significant metamor- 
phic remodelling in this region (see below). 

To determine the extent of palatal metamor- 
phosis in caecilians, I examined embryonic, lar- 
val, and adult specimens of two species in the 
New World genus Epicrionops (Rhinatremati- 
dae). Rhinatrematids are generally considered 
the sister group of all other living caecilians 
(Nussbaum, 1977; Duellman and Trueb, 1986; 
Hedges et al., 1993). Larval specimens of the 

Old World genus Zchthyophis (Ichthyophiidae) 
were also available for comparison. 

The larval and adult specimens examined (see 
Appendix 1) had been previously prepared by 
M. H. Wake of the University of California, 
Berkeley (Hetherington and Wake, 1979; Wake, 
1989). Both cleared-and-stained and sectioned 
material was available. All drawings of these 
specimens were made with the aid of a camera 
lucida. The late stage embryo of E. petersi came 
from the same clutch described and figured by 
Noble (1927, fig. 5). The head was decalcified 
in 5% nitric acid in 70% ethanol, embedded in 
Paraplast@ (Monoject Scientific), sectioned 
transversely at 10 pm, and stained with hema- 
toxylin and eosin (Humason, 1979). Bone stain- 
ing was poor in this specimen, either due to the 
original fixation or the decalcification. None- 
theless, the outlines of the dermal bones could 
generally be determined from the surrounding 
ring of osteoblasts. A graphical reconstruction 
of the anterior palate was prepared after the 
method of Pusey (1939). 

The only mid-metamorphic specimen of Ep- 
icrionops available was already completely adult 
in all palatal characters except tooth count. 
Metamorphic changes are thus inferred from 
differences between larvae and adults. The two 
species examined do not appear to differ in pal- 
atal structure, and thus are treated together. 

In the following description, the structure of 
each bone is given in sequence for: (1) large 
larvae (160-165 mm TL), since these are of 
greatest interest for comparison with the adult 
condition; (2) smaller larvae and the embryo 
(when there are significant differences); (3) 
adults. The adult palate has been described and 
figured previously by Nussbaum (1977); my in- 
terpretation differs from his only with respect 
to the pterygoid. 

Prernaxil1a.-In large larvae the premaxilla has 
dental (alveolar), palatal, and facial (ascending) 
processes (Figs. 1,3D, pm). The premaxilla con- 
nects syndesmotically to the maxilla, vomer, and 
nasal capsule, and is sutured to the nasal. The 
premaxilla serves as a floor and medial wall for 
the anterior end of the nasal sac. The only change 
in adults is increased ossification, with the pal- 
atal process more closely joined to that of the 
maxilla (Fig. 2D). 

Maxilla.-In large larvae the maxilla has den- 
tal, palatal, and facial processes (Fig. 1, mx). The 
facial process overlies the nasal tectum and the 
lateral edge of the frontal; it is sutured to the 
nasal and the dorsolateral process of the pala- 
tine. The main ramus of the maxillary nerve 
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FIG. 2. Developmental series of Epicrionops palates, ventral view. Teeth omitted. A, E. petersi, late embryo, 
graphic reconstruction (AMNH 1454). Coarse stipple indicates cartilage. B, E. bicolor, young larva (LSUMZ 
27293). C, E. bicolor, large larva (LSUMZ 27267). Small letters A-D indicate level of sections in Fig. 3. D, E. 
bicolor, adult (LSUMZ 27266). The asterisk indicates the region where the pterygoid has usually divided into 
anterior and posterior parts. Small letters A-D indicate level of sections in Fig. 4. All scale bars are 1 mm. 
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FIG. 3. A-D. Parasagittal sections through the snout 
of a large larva of Epicrionops bicolor (LSUMZ 27254), 
from lateral to medial. Anterior is to the left. The 
approximate level of the sections is shown in Fig. 2C. 
Black indicates bone, stippling cartilage. The scale bar 
is 1 mm. 

runs forward in the angle between palatal and 
facial processes of the maxilla (Fig. 3B, V,); the 
large foramen in the facial process transmits a 
branch of this nerve (probably including lateral 
line components). The palatal process of the 
maxilla is sutured to the base of the dorsolateral 
process of the palatine. This suture is reinforced 
ventrally by the lateral angle of the vomer, and 
dorsally by a caudomedially directed part of the 
solum nasi, the prechoanal process (Fig. 3C, 
ppch; this is the "ectochoanal cartilage" of Ra- 
maswami, 1941 and Visser, 1963). In smaller lar- 
vae (Fig. 2B) and the embryo (Fig. 2A) the facial 
process of the maxilla has a notch in its anterior 
border, rather than the foramen seen later. 

In adults the maxilla is fused to the palatine, 
forming the compound maxillopalatine seen in 
all adult caecilians (Figs. 2D, 4, mpl). I will treat 
the part of the maxillopalatine lateral and dorsal 
to the base of the inner tooth row as the "max- 
illary part" (cf. Sarasin and Sarasin, 1887-1890), 
but the dorsolateral process of the larval pala- 
tine may also contribute to this region (compare 
Figs. 3 and 4). Caudad extensions of the palatal, 
dental, and facial processes of the maxilla now 

FIG. 4. A-D. Parasagittal sections through the snout 
of an adult Epicrionops petersi (LSUMZ 27312), from 
lateral to medial. Anterior is to the left. The approx- 
imate level of the sections is shown in Fig. 2D. Black 
indicates bone, stippling cartilage. The scale bar is 1 
mm. 

reach back around the subtemporal fenestra to 
the lateral surface of the quadrate (Fig. 2D). The 
facial process has also extended markedly dor- 
sad, surrounding the orbit. A new bony lamina 
connecting the facial and palatal processes forms 
an anterior wall for the orbit (Fig. 5A, aow). The 
ventral part of this wall lies in the region oc- 
cupied by the dorsolateral process of the pala- 
tine in larvae. 

A chamber for Jacobson's organ has devel- 
oped in the maxillopalatine (Figs. 4B, C, 5, Jo; 
see Schmidt and Wake, 1990). This chamber 
opens anteromedially; its medial wall is a ver- 
tical lamina of bone connecting the palatal and 
facial processes, parallel but medial to the inner 
tooth row (Figs. 4B, C, 5, mwj). The chamber is 
closed caudally by the anterior orbital wall, 
which is pierced by a common foramen for the 
two lacrimal (tentacle) ducts (Fig. 5, Id). The 
anterior orbital wall of Epicrionops and the me- 
dial wall of the tentacular groove or canal in 
other caecilians have identical relations to the 
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tentacle, lacrimal ducts, and Jacobson's organ, 
and are clearly homologous structures. In Ichth- 
yophis there is a small chamber for the tip of 
Jacobson's organ in the inner side of this wall, 
with relations similar to those of the much larg- 
er chamber in Epicrionops (Sarasin and Sarasin, 
1887-1890, P1. XVI, Fig. 25; Visser, 1963, Fig. 4). 

The main branch of the maxillary nerve is 
now enclosed in a canal (Fig. 4A, V,). This canal 
begins at a foramen in the caudal border of the 
maxillopalatine, runs anteriorly through the 
floor of the orbit, passes ventrolaterally to the 
chamber for Jacobson's organ, and ramifies into 
smaller canals that exit the maxillopalatine at 
several points along its lateral and anterior sides 
(Figs. 4B, C, 5A). 

Palatine.-In large larvae the palatine (Figs. 
1, 3, pl) has dental and palatal (postchoanal) 
processes, as well as a prominent dorsolateral 
process abutting the caudal end of the maxilla 
(Figs. 1, 3A, dlp). The dorsolateral process has 
distinct facial and palatal surfaces: the facial sur- 
face is coplanar with the facial process of the 
maxilla; the palatal surface continues antero- 
medially as a narrow shelf anterior to the base 
of the dental process (Fig. 3B). The dorsolateral 
process is a unique feature of larval caecilians; 
it forms the posteroventral wall of the nasal 
cavity, and its crest runs along the lateral edge 
of the lamina orbitonasalis. 

The palatine is similar in smaller larvae, but 
the dorsolateral process is more prominent and 
forms a distinct lateral articulation with the 
maxilla (Fig. 2B). On one side of a 66 mm TL E. 
bicolor (Fig. 2B) and both sides of a 101 mm TL 
E ,  petersi the postchoanal process curves ante- 
riorly around the choana but does not extend 
caudally along the edge of the parasphenoid. 
The dorsolateral process of the palatine is even 
more prominent in the embryo (Fig. 2A). In 
transverse section this process is a thin lamina, 
which curves dorsolaterally below the caudal 
end of the nasal sac. Distinct facial and ~alata l  
surfaces have not yet formed. The postchoanal 
process is short and triangular, and does not 
extend toward the vomer. 

The "palatine part" of the adult maxillopa- 
latine has the same general configuration as the 
larval palatine, though its shape has changed 
significantly (Fig. 2D); the fate of the larval dor- 
solateral process is uncertain (see above). A bony 
rim has formed around the choana (Fig. 4C, D), 
completed anteromedially by the vomer. The 
postchoanal process no longer overlaps the bas- 
al. 

Pferygoid.-In large larvae the pterygoid is a 
strap-like bone (Fig. 1, pt) extending parallel to 
the edge of the basal from the quadrate to the 
caudal end of the palatine. The rostra1 end of 
the pterygoid lies in a shallow fossa on the dor- 

FIG.5. A, B. Frontal sections through the snout of 
an adult E ,  petersi (LSUMZ 27312). Anterior is to the 
left, the midline is at the bottom. A is more ventral 
than B. Note the tentacle fold just anterior to the eye 
and the lacrimal ducts passing inwards toward Jacob- 
son's organ (they connect just ventral to section A). 
Black indicates bone, stippling cartilage. The scale bar 
is 1 mm. 

sal side of the palatine (Fig. 3A, B). Laterally, a 
ventral ridge adjoins the dental process of the 
palatine, but it does not bear teeth. More cau- 
dally, the lateral edge is flared slightly as a pter- 
ygoid flange, serving as the site of origin for 
the m. levator mandibulae posterior (cf. Bemis 
et al., 1982). The medial edge of the pterygoid 
is connected syndesmotically to the lateral edge 
of the basal; there is no other basal articulation. 
The pterygoid has three distinct connections to 
the quadrate: (1) a long dorsal process extends 
up the anteromedial side of the quadrate; (2) a 
shallow groove on the dorsal surface houses the 
pterygoid process of the quadrate; (3) a large 
lateral process is enclosed in a fossa in the ar- 
ticular head of the quadrate (Fig. 6B). 

The pterygoid is relatively narrower in small- 
er larvae, and the pterygoid flange is only weak- 
ly indicated (Fig. 28); the lateral process is al- 
ready present (Fig. 6A). The pterygoid is even 
narrower in the embryo (Fig. 2A). The dorsal 
process is already well developed, but there is 
no lateral process. 

The pterygoid of adults usually is separated 
into distinct anterior and posterior parts, con- 
nected only by a ligament (see Nussbaum, 1977, 
fig. 1, redrawn as fig. 13-10 of Duellman and 
Trueb, 1986). However in one specimen, a 231 
mm TL E. bicolor, the anterior and posterior pter- 
ygoid are synostotically joined (Fig. 2D); this 
specimen shows no other differences from the 
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FIG.6 .  Parasagittal sections through the pterygo-quadrate articulation. Anterior is to the left. Note the 
lateral process of the pterygoid, lodged in a cavity in the quadrate. A, 89 mm TL larva. B, 161 mm TL larva. 
C, 221 mm TL adult. A and B, Epicrionops bicolor, C ,  E.  petersi. Black indicates bone, stippling cartilage. Scale 
bar is 1 mm. 

typical condition. The anterior pterygoid now 
runs anterolaterally, rather than anteromedi- 
ally, so that the interpterygoid vacuity is much 
wider than in larvae. The anterior pterygoid is 
syndesmotically joined to the expanded squa- 
mosal dorsolaterally (Fig. 4A, sq), while its pos- 
terolateral corner bears the greatly expanded 
pterygoid flange. The posterior pterygoid ap- 
pears in ventral view as a small process extend- 
ing from the quadrate toward the basal process 
of the basal bone. Nussbaum (1977, fig. 1) la- 
belled the posterior pterygoid the "processus 
pterygoideus of quadrate," but in section it is 
clear that this bone is the disconnected rear end 
of the pterygoid: the posterior pterygoid retains 
both dorsal and lateral processes (Fig. 6C), and 
the true pterygoid process is still present along 
its dorsal surface. 

Quadrate.-In large larvae the quadrate body 
(ossified articular and otic processes of the pal- 
atoquadrate) extends dorsally and somewhat 
anteromedially from the jaw joint, ending be- 
neath the bend of the squamosal (Fig. 1, q). The 
quadrate is shaped like a truncated pyramid, 
and bears articular facets for the pseudoangular 
ventrally, and for the stapes caudally; both joints 
are synovial (Fig. 6B). Some cartilage is also 
present at the dorsal end of the otic process. As 
noted above, the articular process is hollow, 
with a medial cavity filled by the lateral process 
of the pterygoid (Fig. 6B). A short, ossified pter- 
ygoid process projects anteromedially from the 
quadrate body (Fig. 1, ppt). The quadrate is at- 
tached to the rest of the skull by means of: (1) 
the pterygoid; (2) the squamosal (bound by lig- 
ament to the otic capsule); and (3) the stapes, 
the footplate of which is partially fused to the 
otic capsule anteriorly (the processus columel- 
lo-trabecularis of Visser, 1963). 

In smaller larvae (Fig. 2B) the quadrate is less 
heavily ossified. A large cavity in the articular 
process is already present, and is enclosed cau- 
dally by intramembranous bone, rostrally by 
perichondrally ossified cartilage (Fig. 6A). The 
pterygoid process is completely ossified in the 
smallest sectioned larva examined. The jaw joint 
is relatively further forward with respect to the 
long axis of the skull than in larger larvae, but 
has the same position with respect to the otic 
capsule and carotid foramen. In the embryo (Fig. 
2A) the cavity in the articular process of the 
quadrate has not yet formed. The relatively long 
pterygoid process lies along the dorsolateral 
edge of the pterygoid; its anterior two thirds 
are cartilaginous throughout, while its caudal 
third is perichondrally ossified in continuity 
with the auadrate. 

In adults the quadrate is ossified throughout, 
except for the articular surfaces. A new platelike 
anterior extension is present in front of the jaw 
joint, overlapped by the expanded maxillopa- 
latine and squamosal laterally (Fig. 2D, pqj). 
This extension is the processus jugularis of Sar- 
asin and Sarasin (1887-1890) and Ramaswami 
(1941), but is better called the quadratojugal 
process (following the homology proposed by 
Peter, 1898, and Visser, 1963). As in larvae, there 
is a cavity for the lateral process of the pterygoid 
in the medial surface of the quadrate (Fig. 6C). 
The pterygoid process is very short; it runs an- 
teromedially along the lateral edge of the pos- 
terior pterygoid. The articular facet for the low- 
er jaw is now much more elongate in ventral 
view (cf. Fig. 2C and D). There is no shift in 
the position of the jaw joint with respect to the 
longitudinal axis of the skull. 

Vomer.-The vomer of large larvae is a rela- 
tively simple bone, composed primarily of den- 
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tal and palatal processes (Fig. 1, v). The palatal 
process of the vomer meets the palatine medial 
to the choana. Rostrally, the vomer has a narrow 
ascending process that extends up along the 
anterior end of the nasal septum, just behind 
the facial process of the premaxilla. 

The vomer of adults retains the same shape 
as the larval bone when seen in ventral view, 
but no longer overlaps the basal (Fig. 2D). Dor- 
sally, the adult vomer has developed a longi- 
tudinal ridge, extending from the flange along 
the medial border of the choana (see above) to 
the rostral end of the bone. The dorsal edge of 
this ridge bends medially, and lies against a 
dorsal extension of the solum nasi (Fig. 5A, son). 
Together, they make a canal for the nerve formed 
by the maxillary branch of the trigeminal and 
palatine branch of the facial (cf. Norris and 
Hughes, 1918; Ramaswami, 1941; Visser, 1963). 
More rostrally, the solum nasi extends laterad 
over the top of the vomerine ridge (Fig. 5B). 
The combined ridge formed by the solar and 
vomerine ridges partially divides the main na- 
sal cavity iito lateral-and medial cavities 
(Schmidt and Wake, 1990). At the most rostral 
tip of the vomer, the ascending process still 
extends up behind the premaxilla (Fig. 5). 

Basal.-The compound basal bone has al- 
ready formed in large larvae (Fig. l, bas). An- 
teriorly, the basal is composed of the parasphe- 
noid rostrum, lying ventral to the sphen-
ethmoid (Fig. 3D). The parasphenoid rostrum 
has a broad, flat keel. The lateral edge of the 
keel is bound to the medial edge of the vomer. 
Posteriorly, the parasphenoid is fused indistin- 
guishably to  the co-ossified pleurosphenoid, otic 
causule. and occiput. The basal is seuarated from 
th'e sphenethmoid by a short unosiified region 
of the taenia marginalis (orbital cartilage) and 
trabecula, above and below the optic foramen 
(Fig. 3C, tm, tr). 

Behind the optic foramen the ventral margin 
of the basal spreads laterally, beyond the wall 
of the braincase, forming a progressively wider 
subocular shelf, which continues as the otic shelf 
on the anterior face of the otic capsule. The 
entire subocular shelf is syndesmotically bound 
to the medial edge of the pterygoid; a slight 
lateral bulge in the shelf where it most closely 
approaches the pterygoid appears to represent 
the basal process. The carotid foramen lies at 
the level of the jaw joint; the foramen opens 
into a canal running medially in the angle be- 
tween the otic shelf and the anteroventral face 
of the otic capsule. 

The basal has already formed in the smallest 
sectioned larva, an 89 mm TL E. bicolor, and is 
as completely ossified as in the larger larvae 
(Fig. 28). I could not determine the condition 
in the embryo with certainty, but the para- 
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FIG. 7. Total number of teeth in outer (premaxil- 
lary-maxillary) and inner (vomerine-palatine) tooth 
rows of Epicrionops plotted against total length. The 
late metamorphic specimen is indicated by cross-
hatching; the small teeth at the back of the outer row 
were not included in the count. 

sphenoid appeared to be distinct from the neu- 
rocranial part of the basal (Fig. 2A). 

The adult basal differs little from that of lar- 
vae (Fig. 2D), though the keel of the parasphe- 
noid rostrum is remodelled in association with 
the apparent lateral shift of the vomer and pal- 
atine. Some hypertrophic cartilage is present in 
the region of the basal process in the sectioned 
specimen, confirming that the subocular shelf 
in this region is a projection of the chondro- 
cranium, and not merely a laterally expanded 
parasphenoid. 

Tooth Number.-Palatal teeth of larvae and 
adults are arranged in two rows. The outer row 
is borne by the premaxilla and maxilla, the in- 
ner row by the vomer and palatine (Fig. 1C). 
Total tooth number in the inner row increases 
steadily with total length, whereas there is a 
jump in the number of teeth in the outer row 
associated with metamorphosis (Fig. 7), as one 
would expect from the caudal extension of the 
maxilla. The presence of a number of small teeth 
at the back of the outer row in the late meta- 
morphic specimen of E. petersi suggests that the 
additional teeth are merely added to the exist- 
ing complement. 

The basic pattern of palatal metamorphosis 
in Epicrionops is as follows: The maxilla fuses 
with the palatine to form a compound maxil- 
lopalatine. The maxillary part of this bone ex- 
tends caudally around the subtemporal fenestra 
to meet the quadrate, surrounds the orbit, and 
encloses the lacrimal ducts of that side in a fo- 
ramen. The pterygoid separates into anterior 
and posterio; par&, connected by a ligament, 
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and the anterior part shifts laterally, broaden- 
ing the interpterygoid vacuity. The quadrate 
develops a new platelike anterior extension, the 
quadratojugal process. A longitudinal dorsal 
ridge develops on the vomer, dividing the nasal 
cavity into medial and lateral chambers. Tooth 
number in the outer (maxillopalatine) tooth row 
increases greatly. 

Having observed this ontogenetic pattern, two 
questions arise: (1) What features of this pattern 
are plesiomorphic for caecilians? (2) Can the 
inferred plesiomorphic metamorphic pattern 
shed any light on the problem of lissamphibian 
monophyly? 

The Plesiomorphic Metamorphic Pattern.-A bi-
phasic life history involving metamorphosis 
from a free-living larval stage occurs in all cae- 
cilians of the families Rhinatrematidae (Taylor, 
1968; Wake, 1989), Ichthyophiidae (Sarasin and 
Sarasin, 1887-1890; Taylor, 1968; Breckenridge 
et al., 1987), and Uraeotyphlidae (Parker and 
Dunn, 1964; Wilkinson, 1992) for which the life 
histories are known (reviewed by Wake 1977, 
1992). These are generally agreed to be the three 
most basal caecilian families (Nussbaum, 1977, 
1979; Duellman and Trueb, 1986; Hedges et al., 
1993). Several genera of the derived family Cae- 
ciliaidae (probably paraphyletic; see Hedges et 
al., 1993) also have free-living larvae and meta- 
morphosis (Wake 1977, 1992): the South Amer- 
ican caeciliaid Siphonops (Spengel, 1876; Edge- 
worth, 1925), the African caeciliaid Sylvacaecilia 
(Largen et al., 1972; Wake, 1987), and the Sey- 
chellean caeciliaid Grandisonia (Brauer, 1899; 
Parker, 1941, 1958; Taylor, 1968). Other caeci- 
liaids for which the life history are known are 
either direct-developing or viviparous (Wake 
1977, 1992). Given this distribution, metamor- 
phosis is clearly plesiomorphic for caecilians. 

A review of the extensive literature on the 
skull of Ichthyophis (larvae: Miiller, 1835; Thyng, 
1906; Norris and Hughes, 1918; Edgeworth, 1925; 
de Jager, 1939; Ramaswami, 1947; adults: Wied- 
ersheim, 1879; Engelhardt, 1924; Taylor, 1969; 
both: Sarasin and Sarasin, 1887-1890; Peter, 1898; 
Visser, 1963; Badenhorst, 1978) shows that spe- 
cies of this genus undergo a palatal metamor- 
phosis similar to that outlinid above for Epi- 
crionops, though this has not been widely re- 
cognised. Significant differences include: (1)a 
deep tentacular groove or canal in the maxil- 
lopalatine develops as the tentacular apparatus 
migrates forward; (2) the "postfrontal" forms 
(this region is occupied by the extension of the 
maxillopalatine in Epicrionops); (3) the pterygoid 
does not divide into anterior and posterior parts; 
(4) a long cartilaginous extension of the pter- 
ygoid process present in larvae degenerates to 
connective tissue (Peter, 1898; de Jager, 1939; 
Visser, 1963); 5) the parasphenoid fuses with 

the (already fused) pleurosphenoid, otic cap- 
sules, and occiput to form the basal (Peter, 1898; 
Ramaswami, 1947; Visser, 1963). Of these five 
differences, the first involves a derived state of 
adult Ichthyophis, for which the condition in 
Epicrionops is considered primitive (Nussbaum, 
1977, 1979; Trueb, 1993). The second and third 
involve uniquely derived states of Rhinatre- 
matidae or of Epicrionops (Nussbaum, 1977; 
Trueb, 1993), and thus the state in lchthyophis 
must be considered primitive. For the last two, 
the lack of information on larvae of a suitable 
outgroup (e.g., Eocaecilia; Jenkins and Walsh, 
1993) makes the polarity of the states uncertain. 

Information on metamorphic changes in oth- 
er caecilian taxa is sparse. The classic study of 
caecilian skull development by Marcus et al. 
(1935) described early embryonic and juvenile 
stages of a species of Grandisonia, but their in- 
termediate stage was apparently of the closely 
related (Nussbaum and Ducey, 1988; Hass et al., 
1993; Hedges et al., 1993), direct-developing 
Hypogeophis rostratus. The skull of this Hypogeo- 
phis embryo shows many similarities to the skull 
of larval Epicrionops and Ichthyophis; in partic- 
ular, the maxillary part of the maxillopalatine 
extends back only to the middle of the choana, 
and the temporal region is open, due to the 
splint-like squamosal (see their fig. 2a and 2b, 
redrawn by de Beer, 1937, as figs. 6 and 7, pl. 
73, but note that labelling of the palatal bones 
is badly confused). Similar conditions probably 
occur in Grandisonia; Parker (1941) noted the 
caudad extension of the maxilla at metamor- 
phosis. The "late larval" skull of Sylvacaecilia 
illustrated by Wake (1987, fig. 1) is actually a 
young postmetamorphic specimen (Specimen 
H. 145114 of Largen et al., 1972; M. H. Wake, 
pers. comm.), and thus not relevant, but it is 
clear that in both Sylvacaecilia and Uraeotyphlus 
there is a caudad extension of the premaxiilary- 
maxillary tooth row at metamorphosis (Largen 
et al., 1972; Wilkinson, 1992). 

In summary, most features of palatal meta- 
morphosis seen in Epicrionops are also present 
in Ichthyophis, and thus can be considered ple- 
siomorphic for caecilians. Furthermore, at least 
part of this shared metamorphic pattern, name- 
ly the caudad extension of the maxilla around 
the subtemporal fenestra, occurs in Grandisonia, 
can be inferred to occur in Sylvacaecilia and 
Uraeotyphlus, and appears to be recapitulated in 
the direct-developing Hypogeophis. 

Palatal development in Dermophis mexicanus, 
the one viviparous caecilian that has been stud- 
ied (Wake and Hanken, 1982), does not reca- 
pitulate the plesiomorphic larval palatal struc- 
ture or metamorphic pattern. More generally, 
the "dentitional metamorphosis" around the 
time of birth in all viviparous caecilians (Parker, 
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1956; Parker and Dunn, 1964; Wake, 1976,1980) 
has no apparent relationship to the metamor- 
phic changes seen in caecilians with free-living 
larvae. 

Lissamphibian Monophy1y.-As noted above, 
recent molecular evidence (Hedges and Max- 
son, 1993) supports the emerging consensus that 
the Lissamphibia, containing caecilians, frogs, 
and salamanders, is monophyletic. However, 
even if the Lissamphibia is monophyletic with 
respect to other living tetrapods (i.e., amniotes), 
it may not be monophyletic with respect to fos- 
sil taxa (Milner, 1988, 1993; Bolt, 1991). 

Many of the morphological synapomorphies 
used to define the Lissamphibia involve the open 
temporal region and the loss of a number of 
skull roofing bones (Bolt, 1991; Trueb and Clou- 
tier, 1991; Trueb, 1993). For these to be valid 
synapomorphies, the solidly roofed skull of 
many caecilians must be secondarily derived 
(Nussbaum, 1977, 1979, 1983; Trueb, 1993). 
However, Eocaecilia micropodia, the recently dis- 
covered fossil caecilian from the Early ~urassic 
of Arizona, has a solidly roofed skull (Jenkins 
and Walsh, 1993). Eocaecilia also has many skull 
roofing bones not present as independent ele- 
ments in Recent adults. Thus lissamphibian 
synapomorphies involving an open skull roof 
may need to be reevaluated. 

The fact that all Recent amphibians-includ- 
ing caecilians, as the current study makes clear- 
have a morphologically distinct larval palate, 
and an abrupt metamorphosis to the adult pal- 
atal form (Rose and Reiss, 1993), suggests that 
features of palatal metamorphosis might serve 

Nevertheless, such differences are irrelevant 
from a cladistic standpoint. What matters is that 
two metamorphic changes are shared by cae- 
cilians and salamanders: (1) a laterad shift of 
the anterior end of the pterygoid, with conse- 
quent widening of the interpterygoid vacuity, 
and (2) a caudad extension of the maxilla (Win- 
trebert, 1922; Stadtmiiller, 1924; Wilder, 1925; 
Lebedkina, 1960, 1964; Larsen, 1963; Clemen 
and Greven, 1974, 1977; Greven and Clemen, 
1985; Reilly, 1986; adults are reviewed by Trueb, 
1993). Further, one can argue that both changes 
occur in an accentuated form in frogs: (1) the 
space corresponding to the interpterygoid va- 
cuity widens, when the anterior quadratocran- 
ial commissure is replaced by the posterior max- 
illary process (reviewed by Reiss, 1993; Rose 
and Reiss, 1993); (2) the maxilla extends caudad 
from its initial ossification center. Thus these 
two palatal changes at metamorphosis can be 
interpreted as shared characters of the Lissam- 
phibia. This interpretation is supported by ev- 
idence that the pattern of palatal metamorpho- 
sis in salamanders and frogs, at least, is ancient. 
Anuran tadpoles of modern aspect are known 
from the Lower Cretaceous (Estes et al., 1978) 
and many fossil salamanders, dating back at least 
to the Upper Cretaceous (Batrachosauroididae; 
Estes, 1981), and possibly to the Middle Jurassic 
(Evans et al., 1988) or Upper Triassic (Ivakh- 
nenko, 1978), have the typical larval morphol- 
ogy of the palate. 

To show that these metamorphic changes are 
lacking in outgroups is not difficult, because a 
distinct larval palatal morphology has not been 

as synapomorphies uniting- the ~ i s s ~ m ~ h i b i a .  recognized for any non-lissamphibian "am-
To do so, such features must be (1) shared among 
the three groups, and (2) lacking in outgroups. 

Unfortunately, it is difficult to define features 
of palatal metamorphosis shared among the 
three groups, because the palate of anuran lar- 
vae is almost completely cartilaginous, whereas 
that of caecilian larvae is almost completely os- 
sified. Even leaving anurans aside, there are 
some striking differences between the palatal 
metamorphosis of caecilians and that of sala- 
manders. These include the occurrence in sal- 
amanders of: (1) a shift of the inner tooth row 
from the rostra1 to the caudal margin of the 
vomer, due to outgrowth of a large anterior 
extension of the palatal process (Clemen and 
Greven, 1974; Clemen, 1979); (2) extensive re- 
modelling of the palatopterygoid, involving 
separation of the palatine from the pterygoid 
and subsequent resorption or fusion to the vo- 
mer (Larsen, 1963; Jurgens, 1971; Clemen and 
Greven, 1977; Clemen, 1979); and (3) a caudal 
shift in the jaw joint, similar to, if less extreme 
than, that seen in anurans (Wassersug and Hoff, 
1982). 

phibian," though larval palatal structure is 
known for many advanced temnospondyls (Boy, 
1972, 1974, 1987, 1988, 1990; Milner, 1982; 01- 
son, 1985; Werneburg, 1986,1991; Dilkes, 1991; 
Schoch, 1992), the microsaur Microbrachis peli- 
kani (possibly a neotene; Carroll and Gaskill, 
1978), and a few discosauriscid anthracosaurs 
(Spinar, 1952; Ivakhnenko, 1981; Werneburg, 
1985). 

Importantly, larvae are known for many of 
the fossil taxa thought to be closely related to 
lissamphibians. For example, a recent cladistic 
study of temnospondyls and lissamphibians 
supported the hypothesis that the dissorophoid 
temnospondyl family Branchiosauridae is the 
stem group of the Lissamphibia (Trueb and 
Cloutier, 1991). Most branchiosaurids appear to 
be neotenic forms that never metamorphose. 
Post-metamorphic specimens were recently re- 
ported for one branchiosaur species, but no 
metamorphic changes occur in  the  palate 
(Werneburg, 1991). 

The greatest reported difference between lar- 
val and juvenile palates among fossil amphib- 
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ians is found in another dissorophoid temnos- Groups of Tetrapods, pp. 194-222. Cornell Uni- 
pondyl, Amphibamusgrandiceps (Milner, 1982; but versity Press, Ithaca, New York. 

see Boy, 1987, for comments on attribution of BOY,J. A. 1972. Die Branchiosaurier (Amphibia) des 

larval specimens), which has also been consid- saarpfdlzischen Rotliegenden (Perm, SW-Deutsch- 
land). Abh. hess. Landesamtes Bodenforsch. 65:l- 

ered close to lissamphibian ancestry (Watson, 137. 
1940; Bolt, 1979, 1991; Milner, 1982,1988,1993; 
Trueb and Cloutier, 1991). In Amphibamus a cau- 

-. 

-. 

1974. Die Larven der rhachitomen Amphi- 
bien (Arnphibia: Temnospondyli; Karbon-Trias). 

dal shift in the iaw articulation occurs between Palaontol. 2.  48:236-268. 
large larvae and small juveniles, similar to that 1987. Studien iiber die Branchiosauridae 

(Amphibia: Temnospondy!i; Ober-Karbon-Unter-seen during metamorphosis in salamanders and 
Perm). 2. Systematische Ubersicht. Neues Jahrb. frogs (Wassersug and Hoff, 1982). However, such 
Geol. PalaonJol. Abh. 174:75-104. 

1988. Uber einige Vertreter der Eryopoidea 
a shift is a common feature of juvenile growth -.in temnospondyls, and Amphibamus shows few (Arnphibia: Temnospondyli) aus dem europaisch- 

en Rotliegend (? hochstes Karbon-Perm). 1. Scler-
ocephalus. Palaontol. Z. 62:107-132. 

other metamorphic changes in the palate: by 
late larval stages all bones are formed, the max- 
illary arcade is complete, and the interpterygoid -. 1990. Uber einige Vertreter der Eryopoidea 
vacuity is large, unlike caecilians, salamanders, 
or frogs, but like all other known temnospondyl . . 

larvae. In contrast to lissamphibians, in many 
temnospondyl species the interpterygoid va-
cuity is reduced in relative size with larval and 
juvenile growth (e.g., Olson, 1985; Boy, 1988, 
1990; Dilkes, 1991). 

In summary, neither of the metamorphic 
changes shared by caecilians and salamanders 
is known from any fossil amphibian group, in- 
cluding those thought close to lissamphibian 
ancestry, yet it can be argued that both are shared 
by anurans. Thus it appears that a pronounced 
palatal metamorphosis-incorporating a wid- 
ening of the interpterygoid vacuity and a cau- 
dad extension of the maxilla-is a valid synapo- 
morphy of the Lissamphibia. 
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Specimens were examined from the following col- 
lections: American Museum of Natural History 
(AMNH); Field Museum of Natural History (FMNH); 
Louisiana State University Museum of Zoology 
(LSUMZ); and private collection of M. H. Wake, Uni- 
versity of California, Berkeley (MHW). Epicrionops bl-

color Boulenger-Larvae: 66 mm TL (LSUMZ 27293), 
89 mm TL (LSUMZ 27261, sectioned), 89 mm TL 
(LSUMZ 27291), 125 mm TL (LSUMZ 27289); 161 mm 
TL (LSUMZ 27254, sectioned), 165 mm TL (LSUMZ 
27267), 206 mm TL (LSUMZ 27245). Adults: 231 mm 
TL (LSUMZ 27266), 247 mm TL (LSUMZ 27265). Ep-
icrionops petersi Taylor-Embryo: 58 mm TL (AMNH 
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1454, sectioned). Larva: 101 mm TL (LSUMZ 27306). = lamina orbitonasalis; mpl = maxillopalatine; mwj 
Late metamorphic: 193 mm TL (LSUMZ 27317). Adult: = medial wall of chamber for Jacobson's organ; mx 
221 mm TL (LSUMZ 27312, sectioned), 335 mm TL = maxilla; n = nasal; nc = nasal cavity; p = parietal; 
(LSUMZ 27319). lchthyophis kohtaoensis Taylor-Lar- pl = palatine; pm = premaxilla; pn = paries nasi; poch 
vae: 66 mm TL (two: sectioned as MHW series 447 = postchoanal process of palatine; ppch = prechoanal 
and 448). lchthyophis sp.-Larva: 112 mm TL larva process of solum nasi; ppt = pterygoid process of 
(FMNH 76340, North Borneo, sectioned). quadrate; pqj = quadratojugal process of quadrate; ps 

= parasphenoid; psa = pseudoangular; pt = ptery-
Abbreviations Used in Figures.-aow =anterior orbital goid; q = quadrate; qj = quadratojugal; se = sphen-

wall; bas = basal; ca = cupola anterior; ch = choana; ethmoid; sm = septomaxilla; sn = septum nasi; son 
ci = cartilago infranarina; co = cartilago obliqua; csb = solum nasi; sq = squamosal; st = stapes; tf = tentacle 
= "Choanenschleimbeutel"; dlp = dorsolateral pro- fold; tm = taenia marginalis; tn = tectum nasi; tr = 


cess of palatine; ect = ectopterygoid; f = frontal; fc = trabecula; v = vomer; I, = dorsal olfactory nerve; V, 


carotid foramen; f j  = jugular foramen; fon = orbiton- = deep ophthalmic branch of trigeminal; V, = max-


asal foramen; Hg = Harderian gland; j = jugal; Jo = illary branch of trigeminal. 


Jacobson's organ (lumen); Id = lacrimal duct(s); Ion 
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ABSTRACT.-T~~karyotypic status of the mesquite lizard, Sceloporus grammicus, was investigated at 
two localities at Santuario Mapethe, Hidalgo, Mexico. A total of 23 different karyotypes was recorded 
from the 36 individuals examined. Individual lizards were heterozygous at up to four chromosomes. 
Karyotypic differences were attributed to Robertsonian fissionlfusions and pericentric inversions involv- 
ing the macrochromosomes. The polymorphisms generally conformed to Hardy-Weinberg equilibrium 
suggesting a lack of underdominance for most rearrangements. The extreme chromosomal polytypy ob- 
served at Santuario Mapethe is hypothesized to result from parapatric hybridization between two chro- 
mosome races. 

RESUMEN.-Se estudio el estatus cariotipico de la lagartija Sceloporus grammicus de dos localidades en 
Santuario Mapethe, Hidalgo, Mexico. Se registraron un total de 23 cariotipos diferentes de 36 individuos 
examinados. Las largartijas fueron heterocigotas hasta en 4 pares cromosomicos. Las diferencias cariotipicas 
se atribuyeron a fisiones/fusiones Robertsonianas y a inversiones pericentricas ue involucran a 10s seis 
pares macrocromosomicos. Los polimorfismos se conformaron generalmente de acuerdo a1 equilibrio Har- 
dy-Weinberg, lo que sugiere uan ausencia de subdominancia para la mayoria de 10s rearreglos. La extrema 
politipia cromosomica observada parece ser el resultado de hibridacion parapatrica entre dos razas cro- 
mosomicas. 

Few species of vertebrates exhibit the ex- Sites, 1993). The races (cytotypes) are defined 
treme chromosomal polytypy observed i n  the  primarily by Robertsonian (centric fission) re- 
mesquite lizard Sceloporus grammicus complex. arrangements and  include LS (Low Standard, 
Previous cytogenetic studies revealed eight 2n = 329), HS (High Standard, 2n = 32), F6 (2n 
distinct chromosome races i n  a relatively small = 34), F5 (2n = 34), F5+6 (2n = 36), FM1 (2n 
area of the central Mexican plateau (Hall, 1983; = 40-44), FM2 (2n = 44-46), and FM3 (2n = 38-
Porter and  Sites, 1986; Arivalo et  al., 1991; 42). In addition to the fixed differences which 
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