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I. INTRODUCTION

The tremendous intellectual excitement and activity that have attended the
study of the relation between development and evolution over the past 20-25
years rival those characteristic of the "Golden Age" of zoology in the latter
half of the lgth and early 20th centuries (Goldschmidt, 1956; Hall, 1992;
Muller, 1991; Raff, 1996; D. B. wake et al., r99r). Then, as now, scientists
strove to tease apart the complex relationship between ontogeny and phylog-
eny, including studies of both pattern and process (ChurchilI, 1997; Gould,
L977; Luckenbill-Edds, 1997). In both periods, amphibians-and especially
amphibian larvae-occupy center stage. Evolutionary biologists have long
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appreciated that the presence of a free-living, aquatic larval stage, as well as

the primitively complex (metamorphic) life history of which it is a part, confer
on Recent amphibians a tremendous potential for adaptive diversification
(Hanken, L992; McDiarmid, l97B). This potential has been realtzed in the
wide array of alternate life-history modes, developmental patterns, morpholo-
gies, and ecological relationships that are seen in both extinct and extant taxa
(Duellman and Trueb, 1986; Lynn, 196f ). At the same time, because of their
relative accessibility, rapid external development, and ease of laboratory han-
dling and experimental manipulation, amphibians offer many outstanding and
practical opportunities to study animal development, including both features
unique to amphibians as well as those characteristic of vertebrates in general
(Armstrong and Malacinski, 1989; Cannatella and de Sa, L993; Kay and Peng,
1991; Malacinski and Duhon, 1996; Shaffer, 1993). In short, amphibians and
their larvae offer an excellent "system" to study the relation between develop-
ment and evolution (Hanken, 1989).

The literature on larval amphibian biology is vast. It includes both classical
and ongoing studies of morphology, physiology, ecology, behavior, genetics,
and developmental biology. No attempt to offer a comprehensive review of
this literature is made here. Instead, this chapter highlights several topics
that are especially pertinent to contemporary studies of the development and
evolution of amphibian larvae. In so doing, critical gaps in our knowledge and
understanding of both the evolutionary history and developmental biology of
modern amphibians, and especially their larvae, will be made evident. Hope-
fully, such an approach will help to guide or even initiate future research in
these areas. The treatment begins with a short review of current ideas concern-
ing the phylogenetic ancestry of amphibian larvae. This provides the historical
context necessary for subsequent considerations of evolutionary trends in larval
development and diversification involving Recent taxa. These are followed by
a section that discusses two examples of the pervasive trend toward larval loss
that is seen in many extant groups.

II. HISTORICAL CONTEXT: THE ANCESTRY
OF AMPHIBIAN LARVAE AND THE COMPLEX.
METAMORPHIC LIFE HISTORY

The free-living, aquatic larva is an ancient feature in amphibians. A complex,
biphasic life history is phylogenetically widespread among Recent taxa and
generally is accepted as the primitive condition for each of the three living
orders (Duellman and Trueb, 1986). Interestingly, whereas a metamorphic
ontogeny is characteristic of many species of frogs, salamanders, and caecilians,
it is not the most frequent reproductive mode in all three groups. Most species
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of living salamanders, for example, have direct development: courtship, mating,
and oviposition occur on land, and the terrestrial egg hatches as a fully formed,
albeit miniature, adult; there is no free-living larva (D. B. Wake and Hanken,
1996). AII of these species belong to a single family, the Plethodontidae, or
lungless salamanders. Members of four additional families (Sirenidae, Protei-
dae, Crlptobranchidae, and Amphiumidae) display obligate loss of both a

discrete metamorphosis and the subsequent terrestrial adult stage. Conse-
quently, sexually mature adults reproduce essentially as modified larvae.

Paleontology provides an additional, valuable perspective regarding the
ancestry of amphibian larvae. Extinct salamanders with a lawal morphology
are known from both the Cretaceous (Evans and Milner, 1996; Evans et al.,
1996) and Triassic (Ivakhnenko, L978, cited in Rodek, t996); some Paleocene
fossils are assigned to extant genera (Naylor, l978). Fossil tadpoles from the
Cretaceous and Miocene are assignable to extant families (Estes et al., I97B)
or even genera (Wassersug and Wake, 1995 Fig. f ) of frogs. Stem members
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FIGURE I Reconstruction of a fossil
assigned to the extant Eurasian genus

Wassersug and Wake (1995).

tadpole from the Miocene of Turkey, which tentatively is

Pelobates (Pelobatidae). Reprinted with permission from
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of the three Recent orders existed at least as far back as the e rly or middle
Jurassic (Evans and Milner,1996;Jenkins and walsh, 1993; Shubin andJen-
kins, 1995) or Triassic (Rage and Rodek, l9B9), but these clades likely had
differentiated from one anorher by the end of the permian, ca. 240 Myr Bp
(McGowan and Evans, 1995). If we accept the premise that a larval stage is
a primitive characteristic in each order, then larvae also must date to at least
this early.

The homology of amphibian larvae across all three Recent orders-that is,
whether they represent just one versus two or more independent instances of
the evolution of the metamorphic ontogeny among living t212-is not fully
resolved. Indeed, the topic has received surprisingly little attention. The most
parsimonious interpretation of the presence of a iarva (and metamorphosis)
as a primitive trait in frogs, salamanders, and caecilians is that they represent
the retention of this characteristic from the common ancestor of all three
clades. This interpretation is supported by several lines of evidence. First, it
avoids the vast amount of convergent evolution (homoplasy) of the many
shared-derived, larva-specific traits that are common to all three groups that
would be implied by positing two, or even three, independent origins of larvae.
Second, morphological differences between larva and adult in the ancestral
anuran likely were much less extreme-and metamorphosis much more
gradual-than those typically seen in living frogs (Elinson, 1990; Frirzsch,
1990; wassersug and Hoff, l9B2). Thus, the ancestral anuran would have
resembled urodeles much more closely than do living frogs. Finally, abundant
fossil material documents the existence of a complex, biphasic life history, as
adduced from larval and adult specimens, in many early tetrapod groups,
including dissorophoid temnospondyls (Bolt, 1977, 1979;Boy, 1974; Carroll,
1986, l9BB; Milner, 1982,1990; schoch, rgg2, 1995; werneburg, I99l; Fig.
2). Several dissorophoids have been variably proposed as outgroups to living
amphibians (Bolt, 1969, 1977, 1991; McGowan and Evans, 1995; Milner,
1988, 1990, 1993; schoch, L995; Trueb and cloutier, l99I), although this
hypothesized relationship is not universally accepted (e.g., Carroll, lgBB, Lgg2,
1995 Laurin and Reisz , 1997; Reisz, lgg7).

Analysis of the larval homology problem is closely linked to ongoing debate
regarding phylogenetic relationships among Recent amphibians. The debate
centers around the claim that the three extant orders constitute a monophyletic
group, Lissamphibia, which has a common ancestry distinct from that of all
other living tetrapods and is derived from dissorophoid temnospondyls (see
references in the preceding paragraph). New databearing on these phylogenetic
issues may have important implications for larval biology. For example, al-
banerpetontids are an additional group of salamander-like, "predominantly
terrestrial," fossil amphibians (McGowan and Evans, 1995, p. r43).They
have been proposed as a fourth lissamphibian lineage, closely ulli.d with, but
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FIGURE Z (A) Saurerpeton cf. obtusum, a basal temnospondyl amphibian (Saurerpetontidae)

from the Middle Pennsylvanian of lllinois. The fossil is depicted in dorsal view; external gills
(ext. g.) indicate a larval morphology. Abbreviations: iI, ilium; ret, pigt, retinal pigment. Stippling
denotes infilled intestines. Reprinted with permission from Milner (1982). (B) Larval specimen
of Branchiosaurus, a temnospondyl amphibian (Branchiosauridae), reconsrrucred in dorsal view.
Reprinted with permission from Boy (1974).
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nevertheless distinct from, the three Recent orders. Larval albanerpetontids
are unknown. If the presence of free-living larvae in living amphibians repre-
sents the retention of a primitive trait from dissorophoid ancestors, then larvae
likely were either present in albanerpetontids as well or lost from this extinct
lineage after it diverged from the three extant groups.

Finally, whereas there is widespread agreement that the presence of a free-
living larva is a primitive life-history trait for living amphibians, alternate or
divergent scenarios have been proposed. Bogart (1981) proposed that the
primitive reproductive mode in anurans involved terrestrial, rather than
aquatic, breeding. Although an aquatic larval stage still would have been
present, it "probably had a relatively abbreviated free-swimming life" (Bogart,

I9B 1, p. 34) . This proposal has not been accepted by most subsequent authors
(e.8., Duellman, I9B9; Duellman and Trueb, 1986; Duellman et al., 19BB).
Duellman and colleagues, however, have hypothesized that the free-living
tadpole stage may have reevolved independently from a direct-developing
ancestor as many as four times in a specraltzed group of South American
marsupial frogs in the genera Fritziana,Flectonotu.s, and Gastrotheca (Duellman
and Hillis ,1987; Duellman et al.,I9BB; Wassersug and Duellman , L9B4). Their
hypothesis derives from a molecular phylogenetic analysis of these and related
species, which was used to assess evolutionary trends in reproductive biology.
Alternate hypotheses of life-history evolution in marsupial frogs have been

offered by Haas (1996a,b) and Weygoldt and de Carvalho e Silva (1991).

Similarly, the possibility of reevolution of the free-living, aquatic larval stage

from direct-developing ancestors has been explored in plethodontid salaman-
ders (Titus and Larson, 1996; D. B. Wake and Hanken, 1996; Fig. 3). In
all of these studies, precise evolutionary sequences in relevant reproductive
characters remain to be fully resolved.

III. EMBRYONIC DERIVATION OF
LARVAL FEATURES

There is increased interest in resolving, with considerable precision, the embry-
onic derivation of both larval and adult (postmetamorphic) features in amphibi-
ans. These studies have been facilitated, if not promoted, by the advent of a

variety of sophisticated molecular, experimental, and analytical tools for tracing
embryonic cell and tissue lineages into postembryonic stages in animals gener-
ally (Collazo et al., 1994; Gardner and Lawrence, 1986; Krotoski et al., 1988;
Le Douarin and Mcl-aren, L9B4 Thi6baud, I9B3). Such techniques, although
not infallible, offer considerable advantages over many comparable methods
utilized by experimental embryologists earlier in this century to derive embry-
onic fate maps for various species, but especially amphibians, and to resolve
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the embryonic derivation of particular organ systems (e.g., Hamburger, 1960).
For example, a variety of fluorescent dyes will effectively label many cells and
tissues for far longer than will traditional vital dyes, such as neutral red and
Nile blue sulfate, and their use generally is not associated with many of the
extreme developmental artifacts that are associated routinely with more inva-
sive techniques, such as tissue ablation (e.g., Collazo et aI., L993; Eagleson et
al., 1995; Olsson and Hanken, 1996).

In an evolutionary context, detailed knowledge of embryonic derivation
can contribute much to our understanding of the developmental mechanisms
that underlie the evolution of larval morphology per se, the extent to (and
means by) which larval features mediate the evolution and development of
adult features, and especially the reality and mode of operation of larval "con-
straints" on adult morphology. It can also contribute to more general discus-
sions and controversies in evolutionary morphology, such as the developmental
basis of homology (Abouheif, 1997; Hall, 1994, rgg5). Nevertheless, mosr
work on amphibians has been limited to the two standard, "model" amphibians,
the clawed frog, Xenopus laeyis (e.g., Collazo et al., 1993; Eagleson and Harris,
1990; Krotoski et al., I9B8; Sadaghiani and Thiebaud, 1987), and the axolotl,
Ambystoma mexicanum (e.g., Barlow and Northcutt, 1995 ,1997; Northcutt et

al., 1994,1995; Smith, 1996; Smith et al., 1994); few studies focus on any of
the large number of nonstandard species that display either the ancestral,
biphasic ontogeny or some more derived reproductive mode. Moreover, trnost
studies of Xenopu.s or the axolotl employ these species as model systems
for understanding vertebrate development in general; they are not primarily
interested in addressing larval specralizations as such. One set of analyses that
addresses the embryonic derivation of larval features in a comparative context
focuses on the larval skull in anurans. These studies are reviewed briefly here.

Amphibians were the principal subjects of the large number of early studies
that assessed the role of the embryonic neural crest in vertebrate development
[reviewed in Hall and Horstiidius (1988); Holtfreter, 1968]. These studies
documented extensive contributions of the neural crest to many larval tissues
and other features, especially the cartilaginous skull, spinal nerves, and pigmen-
tation. In subsequent years, the focus of studies of neural crest biology moved
to amniotes, and the use of amphibians was largely abandoned, at least for
some organ systems such as the skull and skeleton. Embryonic derivation
of the larval skull in anurans has been reinvestigated in several species of
metamorphosing frogs. These studies provide an opportunity to confirm the
results of earlier, classical studies by the use of 2]1s1n21s-and generally more
sensitive and reliable-experimental and analytical methods. Moreover, by
analyzing the data in a phylogenetic context, authors are beginning to assess
various evolutionary topics, such as the relative lability versus conservatism
of specific developmental characters.
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For much of this century, the most comprehensive analysis of neural crest
contribution to the tadpole skull was a study of the pickerel frog,Ranapalustris,
by Stone (1927 , 1929). Phylogenetically, R. palustris (Ranidae) is a member
of the so-called advanced frog clade, or Neobarrachia (Ford and Cannatella,
1993). Although R. palustris has a morphologically generalized tadpole, one
can presume that it was chosen largely for reasons of practicality and availabil-
ity; the species is widely distributed throughout much of easrern North America
including New England, where Stone lived and worked (at Yale University).
Stone assessed the extent of neural crest contribution to the exclusively cartilag-
inous larval skull of R. palu.stris, largely by ablating different porrions of the
neural crest before or soon after it began migrating from the neural folds
and then identifying which cranial cartilages subsequently failed to form. By
combining results from several ablated embryos, he inferred an extensive
contribution of cranial neural crest to the larval skull. Indeed, all cranial
cartilages were shown to be neural-crest-derived, except for posteroventral
components of the skull proper and two small, median cartilages in the hyo-
branchial skeleton (Fig. a).

Neural crest contribution to the tadpole skull has been assessed in three
additional species of frogs. Sadaghiani and Thiebaud (1987) examined Xenopus
laevis (Pipidae) by grafting cranial neural crest from a congeneric species,

I.CBR.

2-cBn.

3.CBB.

4.cBR.

FIGURE 4 Neural crest derivation of the larval skull and hyobranchial skeleton of the pickerel
ftog, Rana palustris (Ranidae), seen in dorsal (left) and venrral (right) views. Crest-derived regions
are stippled; arrows point to the boundary between crest- and non-crest-derived portions of the
floor of the neurocranium. Anterior is at the top. Abbreviations; AU.CAp., auditory(otic) capsule;
BB.l.-2 first and second basibranchials; BH., basihyal; BOC., basioccipital plate; l.-,i. CBR.,
ceratobranchials 1-4; CHY, ceratohyal; HYP.BR.PL., hypobranchial plate; IR., infrarosrral; M.,
Meckel's cartilage, PQ., palatoquadrate; SR., suprarostral; TR., trabecular; TR.C.. rrabecular horn.
Alter Stone ( 1929).
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Xenopusborealis, to produce chimaeric embryos. Contrasting histological stain-
ing patterns by cell nuclei of these two species provide a permanent cell marker
that can be used to distinguish donor from host cell lineages in differentiated
tissues, such as the larval skull (Thiebaud, l9B3; Fig. 5). Olsson and Hanken
(1996) studied the Oriental fire-bellied toad , Bombina orientalis (Bombinatori-
dae), by labeling several different regions of premigratory neurai crest with a

fluorescent dye and following labeled cells into specific cranial cartilages (Fig.
6). Reiss (1997) mapped neural crest contributions in the tailed frog, Ascaphus
truei, by following migrating crest cells, which can be distinguished histologi-
cally from non-crest (e.g., mesodermal) cell populations, at least during early
developmental stages (Fig. 7). All three of these species are phylogenetically
basal in comparison to all advanced frogs, including R. palustris (Ford and
Cannatella,1993). In this respect, each is more appropriate than any neobatra-
chian to serve as a source of "baseline" developmental data for evolutionary
comparisons among anurans or between frogs and other vertebrates. Unlike
Bombina, however, which has a morphologically generahzed tadpole, larval
cranial morphology in bothXenopus and Ascaphus is highly derived and unusual
(Cannatella and Trueb, 19BB; Gradwell, 1973: Trueb and Hanken,1992). This
at least potentially diminishes the suitability of Xenopus and Ascaphus as a
baseline for anurans, in favor of Bombina (Cannatella and de Sa, 1993).

Despite the extensive phylogenetic and morphological diversity represented
by these four species of anurans and the considerable differences among meth-
ods used to examine neural crest migration and fate, the general pattern of

FIGURE 5 Neural crest derivation of the larval skull (left) and the lower jaw and hyobranchial
skeleton (right) of the clawed frog, Xenopus laevis (Pipidae). Shading of crest-derived cartilages
varies according to migratory stream; anterior is at the top. Abbreviations: B, ceratobranchials;
Bh, basihyal; C, ceratohyal;Et, ethmoid-trabecular cartilage;M, Meckel's cartilage;Q, palatoquad-
rate; So, subocular. Modified with permission from Sadaghiani and Thiebaud (1987).
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FIGURE 8 Variation ln larval pigment patterning among three species of urodeles. (A) Triturus
alpestris (Salamandridae) has a pattern of horizontal, lateral stripes above ancl below a
rnelanqpfg-re-frec reglol. {B) Anbyslomn muicanum has a senes of verticd stripes or bars.
(C) Ambystoma t. tigrinum has an intermediate pattern consisting of a series of vertical bars
interrupted by a melanophore-free region. Reprinted with perrnission from Epperlein et al. (1996).



FIGURE l2 lnreracrions between pigment cells and the cleveloping lateral line in the tiger

salamander, Ambystomct t. tigrinum. (A) Brightfield photomicrograph o[ the latera] trunk region

of an embryo. Dark melanophores are beginning to form a series of vertical bars, whic:h are

interrupted by a longitudinal, melanophore-lree region. (B) Fiuorescence clouble exposure of the

same embryo shows dorsal aggregations oI yellow xanthophores and dye-labeled, longitudinal
lateral line primordia (arrow and arrowhead). The midbody lateral line primorclium (arrow) lies

u ithin the melanophore-free region. Scale bar, 500 pm. Reprinted with permission from Parichy
( 1996a).



FIGURE 17 Distal-less gene expression in embryos of (A) the metamorphosing frogXenopuslaevis
(Nieuwkoop-Faber stage 24) and (B) direct-developingEleutherod"actylui.oqrt (rorinsend-Srewarr
stage 4) Both images are frontal views of the head; dorsal is at the top. pairecl, dark areas on eirher
slde of the head in each embryo denote expression of homologous distal-less genes X-dll4 (Xenopus)
and EcDlx2 (Eleutherodactylus) in migratory streams of cranial neural crest (m, mandibuiar stream).
The arrow in A points to an additional, ventral site of distal,less express ion in Xenopr,rs that precedes
embn-onic differentiation of the larval cement gland in this species. The correiponding area of
distal-less expression is absent from Eleutherodactylus, which also lacks a cement eland. Reprinted
u.'ith permission from Fang and Elinson (l996).
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FIGURE 7 Larval skull of the tailed frog, Ascaphus truei (Ascaphidae) , Gosner stage 23 . Ventral
view; anterior is at the top. Dotted lines (arrows) indicate the approximate boundary between

neural crest and mesodermally derived tissues (all crest-derived tissues lie anterior to the bound-
ary). Cartilage is stippled; undifferentiated mesenchyme is indicated by horizontal lines. Abbrevia-

tions: ac, acrochordal cartilage; ca, auditory capsule; ff, facial foramen; fm, mesotic fissure; fo,
fenestra ovalis; bo, basiotic lamina; lit, intertrabecular ligament; sr, lateral suprarostral; msr, medial
suprarostral, nc, notochord; oa, occipital arch; oc, orbital cartilage; pa, parachordal; pfc, prefacial
commissure, po, otic process; pp, pterygoid process; ppo, pila preoptica; pq, palatoquadrate; qk,
quadrate keel; qs, quadrate spur; tra, anterior trabecula; trp, posterior trabecula. Reiss (1997).

Early development of chondrocranium in the tailed frog A scaphus truei (Amphibia: Anura): Implica-
tions for anuran palatoquadrate homologies. Joumal of Morphologl, Copyright @ 1997. Reprinted
by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

neural crest derivation of larval cranial cartilages is highly concordant and
consistent among them. Data for Rana and Bombina are the most extensive;
these two species are compared in Table I (cf. Figs. 4 and 6). Pamerns of
derivation for these species are identical for 11 of the 12 discrete cartilages
represented, which together constitute virtually the entire larval skull: seven
are exclusively crest-derived, and four receive no contribution. Indeed, the
sole apparent difference between these two species concerns the extent of
neural crest contribution to the floor of the neurocranium (trabecular plate).
In Bombina, the trabecular plate is entirely crest-derived. Consequently, the
boundary between crest- and non-crest-derived regions of the cranial floor lies
at the level of the anterior margin of the otic capsule (Fig. 6, arrow) .In Rana,
this boundary lies farther anterior, at a level corresponding to the middle of

7r
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TABLE I Neural Crest Contribution ro the Skull of
LarvaI Anuransn

Cartilage Bombina

Cornua trabecula (trabecular cornu)
Suprarostral
Infrarostral
Meckel's
Palatoquadrate

Ceratohyal
Ceratobranchials I-IV
Trabecular plate (trabecular bar)
Basioccipital plate
Otic (audirory) capsule
Basihyal
Basibranchial (second basibranchium)

+
+
+
+
+
+
+
+

-r

+
+
+
-r

+
+
-+'

"1"31i"*i,1:::::#l':1-."#il#:,1,,,#,':,**;l
unknown, although it is presumed to be from cranial mesoderm.
A "-t_ " denotes dual origin. Data for Bombina andRana are based
on Olsson and Hanken (1996) and Srone (L929), respecrively.

the orbit (Fig. 4, arrows). This results in a dual embryonic origin for the
trabecular plate in this species (and in Ascaphus; Reiss, Lg97). It should be
noted, however, that accounts for these two species depict different larval
stages: data for Bombina are mapped onto the skull of a "mature" larva (Gosner
stage 36), whereas data for Rana depict a much smaller hatchling (ca. stage
23-25). Whereas the difference in derivation of the cranial floor noted pre-
viously may represent actual variation among species, it may also reflect ontoge-
netic change characteristic of both species.

Conserved patterns of neural crest derivation among anuran species also
extend to the relative contributions of different migrarory srreams to specific
cranial cartilages. The three principal cranial migratory srreams-mandibular,
hyoid, and branchial-exhibit the same basic pattern of cartilage derivation
in both Bombina (Olsson and Hanken, 1996) and Xenopus (Sadashiani and
Thiebaud, l9B7; cf. Figs. 4 and 5). The same general result even applies
within streams. Thus, in both species the skeleton of the first branchial arch
(ceratobranchial I) is derived exclusively from the anterior portion of the
branchial crest stream, whereas posterior branchial arch elements (ceratobran-
chials II-IV) are derived principally from the posterior portion of the branchial
crest stream.

Extensive similarity among anuran species in the preceding aspects of neural
crest biology is of interest and significance in several respects. First, it likely
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betrays extreme evolutionary conservatism of these (and possibly other) under-
lying features of cranial development. Bombina and Rand, for example, likely
diverged from a common anuran ancestor no later than the Jurassic period,
at least I44 }dyr BP (Duellman and Trueb, 1986); the species B. orientalis may
have differentiated as early as the Miocene (Maxson and Szymura, L979). Yet,
o-"erall patterns of neural crest derivation of cranial cartilages are nearly identi,
cal in these two taxa (Table I; cf. Figs. 4 and 5). Second, whereas these features
of neural crest biology have changed little, many of the crest-derived larval
cranial cartilages have evolved extensive morphological differences among
species. This suggests that the developmental basis of larval cranial diversifica-
tion lies not in gross aspects of neural crest biology, such as the timing of cell
emergence or migration, the number or configuration of the principal migratory
streams, or possibly even migration pathways, but rather in more subtle features
of neural crest biology related to pattern formation, such as cell behavior
and commitment or gene expression (Moury and Hanken, 1995; Hanken et

a,1., 1997a).
These and other results provide important baseline data that facilitate studies

of larval amphibian development and evolution. At the same time they reveal
conspicuous gaps in our knowledge that hamper subsequent analyses. There
are, for example, no published studies that assess neural crest contribution to
the cartilaginous or bony skull in either salamanders or caecilians using modern
labeling techniques comparable to those reviewed earlier for anurans. For that
matter, there is very little direct evidence of a neural crest contribution to the
bony skull in any of the three living amphibian orders. Whereas the extent of
neural crest contribution to the osteocranium has been documented convinc-
ingly and precisely in at least some amniotes (Couly et al., 1992,1993; Kontges
and Lumsden, 1996;Noden, 1986), comparable experimental data for amphibi-
ans are extremely scarce (e.g., de Beer 1947; Wagner, 1949,1955). Certainly
no one has yet produced a detailed map between particular cranial neural crest
streams and individual skull bones for amphibians as is available for the
chicken (e.g., Kdntges and Lumsden, 1996). Indeed, a neural crest derivation
of the amphibian osteocranium can only be assumed by extrapolating to am-
phibians the results obtained for other, distantly related taxa. Whereas general-
tzation across major taxa in this manner :r.rray be justified by the empirical
observation that many such features of neural crest biology are highly conserved
among vertebrates (see previous discussion; Hall and Horstadius, 19BB), direct
assessment in each extant amphibian order is urgently needed. Similarly, the
embryonic derivation of non-crest-derived portions of either the larval or the
adult skull remains to be assessed directly in any amphibian. Ignorance of the
embryonic derivation of the bony skull in Recent amphibians is especially
surprising in light of the large number of studies that assess various aspects
of cranial ossification during larval development and metamorphosis in the
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context of broader analyses of heterochrony, functional morphology, and endo-
crinology (e.g., Hanken and Hall, 1984,1988a, b; Maglia and Pugener, 1998;

Pugener and Magha, L997; Reilly, 1986, 1994; Reilly and Altig,1996; Rose,

1996, Trueb, 1985; D. B. Wake, 1980; Wild, L997).

IV. HETEROCHRONY

The dominant paradigm for contemporary studies of the relation between
development and evolution has been heterochrony, or change in the relative
timing of developmental events (Gould, 1977; Hall, 1992; Raff, 1996).
Originally formulated in the lgth century by Ernst Haeckel as a means of
accounting for the many obvious (and to him, bothersome) exceptions to
his biogenetic law-"ontogeny recapitulates phylogeny"-|r"terochrony was
reformulated by Gavin de Beer in the 1930s in the context of then
contemporary interest in rates of development and relative growth, or
allometry [see reviews by Gould (1977) and Hall (1990, 1992)1. Widespread
interest in heterochrony exploded anew in the 1970s, following Gould's
(1977) "Ontogeny and Phylogeny," and this interest has continued virtually
unabated ever since. Studies range from several conceptual and theoretical
treatments that advocate one or another system of terminology, graphical
depiction, or other methods of analysis (e.9.,Alberch et al., 1979; McKinney,
l9BBb; McNamara, 1986; Pierce and Smith, 1979; Reiily et al., 1997; Shea,

1983, 1988) to a large number of empirical analyses that document or
assess the existence and effects of heterochrony in particular groups of
both animals and plants (e.g., McKinney, 1988a; McKinney and McN^mar^,
1991, Hart and Wray, this volume, Chapter 5).

Whereas there is virtually unanimous agreement that heterochrony is a

prominent phenomenon in the evolution of organismal development, consider-
able disagreement remains regarding the extent to which heterochrony should
be emphasized at the expense of other potentially important factors or explana-
tions. In a general treatment of heterochrony, Reilly et al. assert that "heteroch-
rony may underlie all morphological variation and possibly is the develop-
mental phenomenon producing all morphological change" (1997, p. I20).
Other authors take a more moderate view. Raff (1996), while conceding the

pervasiveness of heterochronic changes in ontogenetic pattern and agreeing

that such changes may offer important insights into underlying developmental
processes, regards such an extreme emphasis on heterochrony as undeserved
and, in some instances, even unhelpful. Indeed, "the uncritical attribution of
so many of the phenomena observed in the evolution of development to
heterochronic'mechanisms'may be inhibiting a more penetrating investigation
of the subject" (Raff, 1996, p.259).Thomson (I9BB) and Hall (1990, 1992)
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express similar reservations. As pointed out by several authors, and as illustrated
by the preceding quotations, at least part of the problem or disagreement may
stem from the frequent failure to distinguish heterochrony as a pattern from
heterochrony as a mechanism of evolutionary change (Hall, 1990, I992; Raff,
1996). Others emphasize the important yet underappreciated role of changes in
spatial patterning, or heterotopy, as a complement to changes in developmental
timing (e.g.,Hanken and Thorogood, 1993; Zelditch and Fink, 1996).

Amphibians have been central players in the heterochrony "industry." In-
deed in the larval axolotl, amphibians present what arguably represents rhe
paradigmatic example of heterochrony among animals (Gould, 1977). This
distinction is embodied in Garstang's (1951) classic poem, "The Axolotl and
the Ammocoete," which was first penned around 1922:

Amblystoma's a giant newt who rears in swampy waters,
As other newts are wonr ro do, a lot of fishy daughters:
These Axolofls, having gills, pursue a life aquatic,
But when they should transform to newts, are naughty and erratic.

They change upon compulsion, if the water grows too foul,
For then they have to use their lungs, and go ashore to prowl:
But when a lake's attractive, nicely aired, and full of food,
They cling to youth perpetual, and rear a tadpole brood.

And newts Perennibranchiate have gone from bad to worse:
They think aquatic life is bliss, terrestrial a curse.
They do not even contemplate a change to suit the weather,
But live as tadpoles, breed as tadpoles, tadpoles altogether!

Now look at Ammocoetes there, reclining in the mud,
Preparing thyroid-extracr ro secure his tiny food:
If just a touch of sunshine more should make his gonads grow,
The Lancelet's claims to ancestry would get a nasty blow!

Variation in developmental timing is a virtually ubiquitous phenomenon
in amphibian evolution; it has played a pivotal role in the diversification of
morphology, physiology, and ecology in both larvae and adults (Hanken, lgg9,
1992). As stated by Milner, "The success of lissamphibians is very much a
measure of the way in which adult and juvenile characters have been permu-
tated by heterochrony and miniaturization to give new morphological combina-
tions" (1993, p.23).This variation has been couched explicitly in terms of
heterochrony in numerous studies (Table II). Many of these studies principally
are concerned with identifying changes in the timing or sequence of develop-
ment of one or more individual characters, including those that underlie
instances of evolutionary loss that are frequently associated with paedomorpho-
sis (e.g., Hanken and Hall, L9B4; smirnov, l9B9; D. B. wake, r9B0). others
constitute more comprehensive analyses that attempt to defi.ne, in terms of
underlying developmental processes and mechanisms, particular pertubations
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to the presumed ancestral ontogeny that are associated with specific hetero-
chronic changes (e.g.,Rose, 1996; Shaffer and Voss, 1996). Effects of phyloge-
netic change in the relative timing or rate of character development in embryos
and larvae range from subtle, yet functionally significant changes in adult body
proportions (Blouin, 1991; Emerson, 1986, L987, 19BB) to large-scale shifts
of entire suites of functionally integrated characters from one life-history stage
to another (Carroll et al., 1991; Hanken, 1993; Ruibal and Thomas, 19BB).
Heterochronic analysis has been especially important in suggesting the poten-
tial for relatively small changes in developmental processes to effect large-
scale changes in larval and adult morpholo gy by shifting development along
evolutionarily conserved ontogenetic trajectories (Alberch, 1980; Alberch et
al., I979; D. B. Wake and Larson, 1987).

There are, nevertheless, several difficulties in assessing the heterochrony
literature in amphibians. First, it is vast; the 100 studies listed in Table II
are only representative of a much larger number of analyses that address
evolutionary changes in developmental timing in larval and adult amphibians,
both living and extinct. A more fundamental problem, however, is the large
and to some extent unwieldy terminology that has characterized the field,
especially the diverse and sometimes contradictory use of terms such as neo-
teny, paedomorphosis, and paedogenesis. Frequently, the same term is used
to describe vastly different evolutionary phenomena, which in turn likely
reflect very different underlying developmental mechanisms. Conversely, sev-
eral terms often are used in reference to the same phenomenon. Many endocri-
nologists and molecular biologists, for example, employ the traditional defini-
tion of neoteny as it applies to the numerous species of salamanders that
tlpically retain a virtually intact larval morphology throughout life, such as

the axolotl, Ambystoma mexicanum. and the mudpuppy, Necturus maculosus
(e.9., Rosenkilde and Ussing, L996; Vignali and Nardi ,I996;Wakahara ,1996).
Whereas some contemporary comparative biologists endorse this definition
(e.8., Reilly et al., 1997), others favor a broader definition that emphasizes
relative rates of development between ancestor and descendant taxa (Alberch
et al., 1979). They instead describe the extreme pattern of developmenr in
"neotenic" urodeles such as the axolotl and mudpuppy by the terms "larval
reproduction" (Shaffer, 1984a), "paedomorphosis" (Voss and Shaffer, 1996),
or "perennibranchiation" (Rose, 1996).

Such variable and inconsistent terminology complicates comparisons among
studies; arguably it is retarding a synthesis of existing data. It also inhibits
analyses of processes and mechanisms that underlie altered patterns of develop-
ment. Although it may be unreasonable or even unnecessary to expect all
authors to subscribe to and consistently employ the same, identical terminology
for heterochrony, they should at least always define precisely how specific
terms are being used.
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V. DEVELOPMENTAL MECHANISMS OF
MORPHOLOGICAL DIVERSIFICATION

Most studies of the evolution and development of amphibian larvae have
focused on describing deriv ed patterns of ontogeny in terms of the presence
or absence of specific characters, or character states, and their developmental
timing (i.e., heterochrony; see the previous discussion). Whereas such data
have been used in some inshnces to generate hypotheses regarding the nature
of specific perturbations to the ancestral ontogeny that underlie evolution of
one or more derived patterns (e.8., Rose, 1996), there have been relatively few
attempts to probe empirically and identify the actual deveiopmental mechanisms
involved. Among the notable exceptions are studies conducted over many
years on the endocrinological basis of neoteny (larval reproduction) in the
axolotl and other species of perennibranchiate urodeles (e.g., Rosenkilde and
Ussing, 1996) and an embryological and molecular analysis of the evolutionary
loss of the larval cement gland in the direct-developing frog, Eleutherodactylus
coqui (Fang and Elinson, 1996). Many more such studies are needed.

Examples of the kinds of important insights into the developmental bases
of evolutionary change that can be derived from such a mechanistic approach
are provided by analyses of larval pigment patterning in urodeles. These analy-
ses also demonstrate the additional benefits that accrue when comparative
developmental studies are performed in an explicitly phylogenetic context.
The studies address the extensive interspecific variation in external coloration
that is found among urodele larvae. Notwithstanding the myriad subtle mani-
festations of pigment patterning in individual species, variation in larval color-
ation can be described largely in terms of two general pattern "elements:"
vertical bars and horizontal stripes (Epperlein et aI.,1996, Olsson and Lofberg,
1992; Parichy, 1996a; Fig. B). These pattern elements, in turn, form as a result
of the migration and differentiation of three types of chromatophores, or
pigment cells: black melanophores, yellow xanthophores, and, to a lesser
extent, silvery iridophores. The two general pattern elements demonstrate a
complex, overlapping distribution when superimposed on a scheme of phyloge-
netic relationships among urodele taxa (parichy, r996a; Fig. 9). one of the
implications of the particular distribution of alternate character states (presence
or absence) is that vertical barring has been acquired or lost two or more times
independently in different lineages (olsson, 1994; Fig. 10). Consequently, the
absence of vertical barring that characterizes the salamandrid species Triturus
alpestris and the ambystomatid species Ambystoma maculatum may not reflect
simply the retention of a shared feature from the common ancestor of both
species. Instead, it likely reflects the loss in A. maculatum of vertical barring,
which evolved earlier in the common ancestor of all living ambystomatids
(Olsson. f993).
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FIGURE 9 Phylogenetic distribution of the two general pigment-pattern elements-vertical
barring and melanophore-free regions (horizontal stripes)-among urodele larvae representing
several extant families. The particular scheme of phylogenetic relationships depicted is one of
several alternate hypotheses derived from independent molecular and morphological analyses.
Modified with permission from Parichy (1996a).
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T. alpestris

T. vulgaris

A. talpoideum

A. maculatum

A. tigrinum

A. mexicanum

A. jeffersonianum

A. opacum

A. annulatum

A. cingulatum

A. texanum

A. barbouri

FIGURE 10 Evolution of vertical barring in the larval pigment partern of urodeles. Black shading
indicates that barring is present; in unshaded (white) areas barring is absent. Stripes indicare
that the character state is equivocal (cannot be determined from existing data). T, Triturus
(Salamandridae),A, Ambystoma (Ambystomatidae). The scheme of relarionships among these l2
species is one of several possible phylogenetic hypotheses derived from consideration of both
morphological and allozyme data. The particular distribution of character states shown here
supports two equally parsimonious interpretations of the evolution of vertical barring: one gain
and two losses, and two gains and one loss. Olsson (1994). Pigment pattern formation in larval
ambystomatid salamanders Ambystoma talpoideum, Ambystomabarbouri, and Ambystoma annula-
tum. Journal of Moryhologt, Copyright @ 1994. Reprinted by permission of Wiley-Liss, lnc.,
subsidiary of John Wiley & Sons, Inc.

Whereas the mechanisms underlying pigment pattern formation in larval
urodeles are far from understood completely, much fundamental information
concerning the identity of and relationships among relevant components has
been amassed in the last few years. In documenting the large number and
diversity of deveiopmental processes involved, these studies reveal the surpris-
ing complexity of mechanisms responsible for what might otherwise be re-
garded as a relatively simple patterning system. For example, development of
vertical bars, one of the two basic patterning elements, occurs in two phases
(Epperlein et a1., 1996; Parichy, L996a). In the first phase, premigrarory neural
crest cells, from which pigment cells are derived, form a longitudinal series of
cell aggregates dorsal to the neural tube (Fig. 11A). These aggregates eventually
contain xanthophores, but not melanophores. While this "prepattern" is form-
ing in the dorsal part of the embryo, melanophore precursors migrate out onto
the dorsolateral portion of the flanks. In the second phase of vertical bar
development, xanthophores migrate laterally from the cell aggregates atop the
neural tube and invade regions of the flanks previously occupied by mela-
noblasts (Fig. 11B). Simultaneously, the melanophores aggregare among them-
selves and at a distance from the xanthophores. This results in a series of
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FIGURE 11 (A) Scanning electron micrograph of the trunk region of a stage 3l embryo of the

ringed salamander, Ambystoma annulatum (Ambystomatidae). Dorsal view; surface ectoderm has

been removed. Premigratory neural crest cells are beginning to form a longitudinal series of

aggregares (arrows) dorsal to the neural tube and paired somites. (B) Lateral view of a slightly

older, intact embryo (stage 38), viewed with fluorescence microscopy. Xanthophores (stained

white with ammonia fluorescence) are beginning to migrate ventrolaterally from the crest cell

aggregares. Olsson (1994). Pigment pattern formation in larval ambystomatid salamanders Amby-

stoma talpoideum, Ambystomabarbouri, and Ambystoma annulatum. Journal of Morphology, Copy-

right @ 1994. Reprinted by permission of Wiley-Liss, lnc., a subsidiary ofJohn Wiley & Sons, lnc.

alternating bars, each principally containing one or the other of the two pigment
cell types (Fig. B). Factors governing the complex cell movements involved
in these patterning events stiil are not well-understood, but likely include
various kinds of cell-cell and cell-extracellular matrix interactions. Finally,
there is compelling evidence that at least some of the preceding processes are

directly involved in the evolution of pigment patterns (Epperlein et al., 1996;

Parichy, 1996a).ln A. maculatum, for example, loss of vertical bars is correlated
with the failure of premigratory neural crest cells to aggregate along the neural

tube. Also, melanophores and xanthophores appear to migrate onto the flanks

simultaneously in this species and not sequentially, as in species with vertical
bars (Olsson, 1993).

Development of the second principal pattern element, horizontal stripes of
melanophores on either side of a melanophore-free region, is mediated by
processes that are both similar to and different from those involved in the

development of verticai bars (Epperlein et a\.,1996; Parichy, I996a). Especially
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important are interactions between pigment cells and the developing lateral
lines, which comprise a neurosensory system that provides a mechanoreceptive
sense important to aquatic verrebrates (parichy, r996a,b,c; Fig. 12). This too
is an ancient component of the pigment-patterning mechanism in salamanders;
it likely was present in the common ancestor of the families Ambystomatidae
and Salamandridae and appears to be retained in most living species. Interest-
ingly, however, at least one salamandrid species (Taricha torosa) possesses
horizontal stripes and a melanophore-free region, but lacks the close coupling
between pigment patterning and lateral-line formation. The appearance of
novel, extracellular cues for melanophore localization accompanies the appar-
ent loss of this component of the ancestral patterning mechanism (parichy,
1996b; Fig. I3).

Horizontal stripe formation adds to the growing list of examples from
evolutionary developmental biology in which the same or similar ph.rrotyp.
in different, often closely related, species is produced by different underlying
mechanisms (Hall, 1995; Raff, 1996). Evolution of developmental mechanisms
need not lead to evolution of phenotypes. This demonstrates rhe difficulty of
inferring the nature of developmental mechanisms from their end products.
It also cautions against strict use of features of development as unambiguous
criteria for assessing the homology of larval or adult characters.

A. t. tigrinum

A. barbouri

A. maculatum

A. talpoideum

P. waltl

N. viridescens

T. granulosa

T. rivularis

T. torosa

FIGURE I3 Hypothesis for the evolution of pattern-forming mechanisms underlying develop-
ment of the horizontal stripe (melanophore-free region) in larval urodeles. This scenario posits
the presence of a primitive, lateral-line-dependent pattern-forming mechanism in the common
ancestor of the families Ambystomatidae and Salamandridae (open recrangle), which is retained
in descendant taxa. A second, redundant, lateral-line-independent mechanism for stripe formation
so far is known in only one species, T. torosa, and likely evolved much more recently (open
circle). A, Ambystoma; P., Pleurodeles; N.,I'Jotophthalmus; T., Taricha. Reprinred wirh permission
from Parichy (1996b).

Salamandridae



Amphibian Larval Development and Evolution B5

VI. LOSS OF LARVAE

The presumed ancestral life history for all Recent amphibians comprises aquatic
eggs and larvae and terrestrial adults. This biphasic, or metamorphic, ontogeny
is retained in many living species of frogs, salamanders, and caecilians, although
in many taxa embryonic and larval development has been altered to effect

considerable morphological divergence among species. There are, howeyer, a

wide variety of alternate life histories and reproductive modes that have evolved
independently within all three living orders (Altig andJohnston, 1989; Duell-
man and Trueb, 1986). Their distinguishing features range from virtually
complete loss of the terrestrial adult (postmetamorphic) stage and obligate
larval reproduction (e.g., the axolotl, Ambystoma mexicanum) to loss of the
free-living, aquatic larva. Instances of larval loss are especially interesting,
insofar as they can offer unique insights into the opportunities for adaptation
and speciahzatron that are conferred by the ancestral metamorphic ontogeny.
They aiso provide opportunities to assess the possible role of larval features

in mediating, or even constraining, the evolution of adult features. Two distinct

examples of larval loss are discussed here: direct development and viviparity.

A. Drnecr DnvEIoPMENT

In direct development, most adult features form in the embryo and are present

ar harching, there is no free-living larva. It is so named to distinguish it from
the ancestral, "indirect" mode of development, in which most adult features

form during the (posthatching) metamorphosis that follows the larval stage.

Direct development has evolved independently within each of the three living
amphibian orders and characterizes many hundreds of species of frogs, sala-

manders, and caecilians (Duellman and Trueb, 1986; M. H. Wake, 1989). The
neotropical anuran genus Eleutherodactylus alone includes more than 500

species (Duellman, 1993), all of which are believed to display direct develop-
ment or some even more extreme modification thereof (e.g., ovoviviparity in
E. jasperi; M. H. Wake, I978,1993). Yet, the three orders differ considerably
with respect to the phylogenetic distribution of direct development among

their component taxa. At one extreme are the anurans. Direct development

occurs in one or more species in each of at least l0 different families or family-
level taxa of frogs (Fig. la). Each of these lineages is believed to represent an

independent acquisition of direct deveiopment as all also contain metamor-
phosing taxa, which represent the presumed ancestral life history. Accordingly,
direct development must have evolved at least l0 times just in anurans. This
number represents a conservative estimate, as direct development likely
evolved more than once in at least some lineages (Duellman, 1989; Duellman
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Ascaphus

c Leiopelma

Bombinatoridae

Discoglossidae

Megophryidae

Pelobatidae

Pelodytidae

Rhinophrynidae

o Pipidae

Allophryne

Brachycephalidae

o Bufonidae

Heleophryne

. " Leptodactylidae"

Limnodynastinae

o Sooglossidae

o Myobatrachinae

Rhinoderma

Centrolenidae

Pseudidae

o Hylidae

o Microhylidae

Dendrobatidae

Hemisus

Arthroleptidae

o "Ranidae"

Hyperoliidae

o Rhacophoridae

FIGURE 14 Phylogenetic distribution of direct development (O) among exranr families and
family level taxa of frogs [based on Duellman and Trueb ( 1986) ] . Relationships depicted are based
on Ford and Cannatella (1993). [Reprinted with permission from Ford and Cannatella (1993).]

and Trueb, 1986). Despite its repeated evolution and widespread distribution
among anurans, direct development nevertheless is not the predominant repro-
ductive mode in living frogs (Duellman, 1gB9).

At the other extreme are urodeles. Embryonic development outside the
reproductive tract of the female parent that proceeds directly to a terrestrial
hatchling without a free-living larval stage is restricted to just one of ten Recent
families, the Plethodontidae, or lungless salamanders (D. B. Wake and Hanken,
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I996;D. B. Wake and Marks, 1993; Fig. 15). However, because the Plethodonti-
dae account for nearly two-thirds of all species of living salamanders and
because most plethodontids have direct development, it is the predominant
reproductive mode in urodeles.

Caecilians represent an intermediate condition. The biphasic life history,
including free-living, aquatic larvae, is retained by some or all species in
four of the six extant families (Duellman and Trueb. 1986: Nussbaum and
Wilkinson, 1989; M. H. Wake, L993; Wilkinson and Nussbaum, L996). Direct
development occurs in at least three families and includes many instances of
viviparity (see the following section). Whereas general trends in life-history
evolution in caecilians have been defined, detailed knowledge of evolutionary
patterns in most clades awaits more robust phylogenetic hypotheses for the
group and reliable life-history data for many more species (M. H.Wake, 1977a,
1982, 1989, 1993 Wilkinson and Nussbaum, 1996).

Whereas there is widespread acceptance that direct development has evolved
many times independently within and among the major groups of living am-
phibians, determination of the exact number of times has proven much more
difficult. Phylogenetic analyses of plethodontid salamanders, for example, im-
plicate as few as one and as many as fi.ve separate instances of the evolution
of direct development in this clade (CoIIazo and Marks, 1994; D. B. Wake
and Hanken, 1996). Determination of the exact number and phylogenetic
position(s) of instances of the evolution of direct development are not trivial
issues. In plethodontids, some plausible phylogenetic scenarios for the evolu-
tion of direct development necessarily would imply that a free-living aquatic
Iarva must have reappeared one or more times in the history of the group
(D. B. Wake and Hanken, 1996). Similar scenarios exist for the so-called

Sirenidae

Hynobiidae

Cryptobranchidae

o Plethodontidae

Amphiumidae

Rhyacotritonidae

Proteidae

Salamandridae

Ambystomatidae

Dica m ptodontidae

FIGURE 15 Phylogenetic distribution of direct development (O) among the 10 exranr families
of salamanders. Relationships depicted are based on Larson and Dimmick (1993). [Reprinted
with permission from Larson and Dimmick (1993).1
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marsupial frogs of South America (Hylidae: Hemiphractinae), which include
both direct-developing and metamorphosing taxa (Duellman and Hillis ,1987;
Duellman et al.,19BB; Wassersug and Duellman , L9B4; but see Haas, l996a,b).
Resolution of these problems awaits more robust phylogenetic hypotheses than
are avarlable. Developmental data also may make an important contribution
if it can be shown that "direct development" is not a uniform developmental
mode wherever it exists within a particular clade, but instead comprises two
or more distinct ontogenetic patterns. For example, preliminary evidence that
direct development has evolved at least two or even three times within the
Plethodontidae is seen in the contrasting patterns of embryonic development
of several organ systems that distinguish several distantly related taxa (D. B.
Wake and Hanken, 1996).

Almost by definition, direct development entails the precocious (embryonic)
formation of adult features, which typically form during (posthatching) meta-
morphosis in species that display the ancestral, biphasic life history. Most
studies of the embryology and developmental biology of direct-developing
amphibians have been concerned primarily with assessing the extent to which
larval features have been retained in or lost from this derived ontogeny (e.g.,

Orton, L949; Wassersug and Duellman, I9B4). As one might expect from a

characteristic that has evolved repeatedly, there is considerable variation among
direct-developing taxa with respect to the extent to which a given species or
members of a particular clade either recapitulate or lack larval features (Fig.
16). The eastern North American urodele Desmognathus aeneu.s lacks a free-
living, aquatic larva,but nevertheless it displays many larva-specific traits during
embryonic or immediate posthatching development (Marks, 1994; Marks and
Collazo, 1998). On the other hand, the many species of direct-developing
EleutherodacQlus retain relatively few larva-specific features, either externally
or internally (Hanken et al., 1992; Hughes, 1959; Lyrr, lg42).Indeed, Eleuthero-
dactylus has long been regarded as among the most extreme examples of direct
development in amphibians in terms of the great extent to which the species
deviate from the ancestral, metamorphic ontogeny (Elinson, 1990; orton,
195 I ).

Relatively few studies have attempted to probe the developmental mecha-
nisms that underlie the evolution of direct development (Elinson, 1990). These
mechanisms, however, are the subject of several analyses, which address both
the loss of larval features and the embryonic formation of adult features.
Although our understanding of the developmental basis of direct development
is far from complete, the picture that is beginning to emerge is of a series
of perturbations to developmental processes at several levels of biological
organrzation, including gene expression, endocrine control, morphogenesis,
and pattern formation (Callery and Elinson, 1996; Elinson, 1994; Moury and
Hanken, r995;Hanken et al., r997a,b;Jennings and Hanken, l99B; Richardson



Direct development in frogs
Simplification and loss of larval structures in embryos of some species that complete

metamorphic changes before hatching

A typical aquatic tadpole
for comparison

Shows typical structures and proportions:
closed operculum, spiracle, int'ernal foreleg

buds, complex mouthparts, strong tail.

Pipa pipa
(family Pipidae)

Yolk supply greatly increased, but
embryo still develops all of the characters

of a typical pipid tadpole.

Rhinoderma darwinii
(family Atelopodidae)

Yolk supply moderately increased, but
embryo is a typical tadpole in all

important characters.

Nectoph rynoides torn ieri
(family Bufonidae)

lmbryo has many larval structures. Operculum and spiracle
fully developed, foreleg buds intemal, jaw muscles and cartil-
ages larval, extemal mouthparts vestigial or absent, gill struc-
tures vestigial, Tail long and thin, consists chiefly of fins and
notochord.

Hemip hractus divaricatus
(family Hylidae)

Many larval structures are absent of vestigial, No spiracle,
operculum remains open, foreleg bud expbsed, Gilis very
specialized, have long gill stalks and sheet-like respiratorv
surfaces. Mouthpafts greatly simplified, but still esdentially
larval. Tail rudimentary.

Eleutherodactyl us cooki
(fam i ly Leptodactyl idae)

Most larval structures absent. Mouthparts
embryonic, operculum reduced to vestige

over base of exposed foreleg bud, no
spiracle, gills vestigial or absent. Tail fins

enlarged, vascular, function as a
respiratory surface.

FIGURE 16 Direct development in frogs. Grace Orton's (195f ) well-known illustration depicts
the variable extent to which larval features have been lost during the evolution of direct develop-
ment in different lineages of Recent anurans. Species are arranged in a cline from a typical tadpole
(top), which represents taxa that retain the ancestral, biphasic life history, to Eleutherodactylus
(bottom), which retains relatively few larval-specific features. Reprinted with permission from
Orton (1951) courtesy of Ward's Natural Science Establishmenr, Inc.
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et al., 1998). For example, evolutionary loss of the larval cement gland in
direct-developing Eleutherodactylus coqui, a species native to Puerto Rico, is
associated with altered spatial and temporal patterns of expression of distal-
less genes during embryogenesis and modifi.cations to the inductive interactions
that mediate differentiation of the oral integument (Fig. f 7, Fang and Elin-
son, I996).

Direct development in plethodontid salamanders has been used to evaluate
and support hypotheses regarding the existence of larval constraints on adult
morphology in urodeles in general (D. B. Wake and Hanken, L996; D. B.

Wake and Marks, 1993). According to these hypotheses, the existence of fully
differentiated, functionally specialized larval structures in metamorphosing
salamanders limits, or constrains, the morphology of adult structures that can
subsequently form at metamorphosis in these species (D. B. Wake, L9B2;
D. B. Wake and Roth, 1989). Because the evolution of direct development
entails loss of the larva as a discrete, free-living, life-history stage, it also offers
at least the possibility for loss of the larval constraint(s) on adult morphology.
Direct-developing plethodontids offer at least circumstantial support for the
larval constraint hypothesis, insofar as these species possess some of the most
highly derived and complex functional systems found in any living salaman-

ders. One example is the complex of muscular, skeletal, and nervous compo-
nents that comprise the hyolingual apparatus, which mediates the tongue
projection characteristic of many direct-developing species (Deban et al., L997;
Lombard and Wake, 1977, Roth and Wake, 1985). If larval constraints have
been relaxed or even lost in direct-developing plethontids, then we might
expect to see the presence of derived adult morphologies correlated with novel
developmental patterns of embryonic development that do more than simply
recapitulate the ancestral ontogeny. Evidence for such "ontogenetic repat-
terning" in direct-developing plethodontids comes from several studies of the
development of the limbs, the brain and cranial nerves, and the hyolingual
skeleton (Alberch, I9B7,l9B9; Roth et al., 19BB; Shubin. 1995. Shubin and
Wake, 1991; D. B. Wake and Roth, 1989; D. B. Wake and Shubrn, 1994;
D. B. Wake et al., lgBB).

Do larval features constrain adult morphology in other amphibians either
in the same way or to the same extent that they appear to do so in many
urodeles? Studies of at least some direct-developing frogs suggest that the
answer is no. lnEleutherodactylus. for example, pronounced evolutionary modi-
fications to embryonic development, including the loss of many larval compo-
nents, are not associated with the origin of novel morphologies that character-
rzes many direct-developing (plethodontid) salamanders (Hanken, 1992;
Hanken et al., 1992). Moreover, the developmental mechanisms that mediate
anuran metamorphosis appear to confer much greater developmental indepen-
dence between larvae and adults than do comparable mechanisms in most
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metamorphosing urodeles (cf. Alberch, 1987, 1989; Elinson, 1990). Thus, in
anurans, developmental mechanisms that mediate metamorphosis likely may
facilitate, if not actually promote, the evolutionary dissociation of embryonic,
larval, and adult features (Hanken et al., 1997b).

B. VmperurY

Viviparity, or live-bearing, refers to an afiay of reproductive mechanisms for
embryonic or fetal maintenance by either the maternal or paternal parent.
Viviparity has evolved independently in many groups of animals, especially
vertebrates, and specific definitions of the term vary widely among both taxo-
nomic groups and authors (Altig and Johnston, 1989; M. H. Wake, 1989,
1992). In amphibians, viviparity entails the retention of embryos in the mater-
nal oviducts through development to the adult (postmetamorphic) stage, with
maternally derived nutrition provided or consumed following exhaustion of
the embryo's yolk supply (M. H. Wake, 1982). Viviparous amphibians lack a

free-living lawa.
Viviparity has evolved one or more times within each of the three Recent

amphibian orders (M. H. Wake, 1977a,1989, 1993). As with direct develop-
ment, however, the orders differ considerably with respect to the prevalence

of viviparity and its impact on the evolutionary history of each group. Obligate
viviparity is very rare in frogs and salamanders, accounting for less than lo/o

of extant species. One species of salamander exhibits "optional viviparity"
associated with intrauterine cannibalism, in which prenatal young feed on
unfertilized eggs and developing siblings within the mother's reproductive
tract (Dopazo and Alberch, L994). A few additional species are ovoviviparous;
embryos are retained but nutrition is exclusively yolk-dependent and (in sala-
manders) the young may be born as larvae (Alcobendas et al., 1996; Joly,
1968). In caecilians, however, viviparity is the predominant reproductive mode
among the approximately 170 described species; it has evolved at least two
and as many as four times.

Several aspects of the developmental biology of amphibian viviparity have
received considerable attention, especially those that concern fetal-maternal
relations. These include studies of reproductive endocrinology (Exbray^t,

1992; Exbrayat and Morel, 1995; Xavier, 1977,1986), urogenital anatomy
(Exbrayat, 1983, I9B4; Hraoui-Bloquet et al., L994; M. H. Wake, I970,1977b),
reproductive physiology (Toews and Macintyre, 1977), fetal nutrition and
growth rates (Dopazo and Alberch, L994; Exbrayat and Hraoui-Bloquet, 1992;
Hraoui-Bloquet and Exbrayat,1992; M. H. Wake, 1980a), and organogenesis
(Hraoui-Bloquet and Exbrayat, 1994, Sammoun et al., 1990; M. H. Wake,
1976,I9BOb,c; M. H. Wake and Hanken, l9B2; M. H. Wake et a1.,1985). The

91
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taxonomic coverage of these treatments is spotty, however, and the comparative
database for each topic is relatively small. Many do not concern larval biology
per se and therefore are beyond the scope of this chapter. Interested readers
are referred to several reviews and associated primary literature (see the refer-
ences listed in this paragraph).

One important aspect of amphibian viviparity that does relate directly to
larval biology and development is the evolution ary fate of larva-specific fea-
tures. In generai, there are two sharply contrasting fates. First, and as would
be expected given that the neonate is born as a juvenile (postmetamorphic)
adult, many larval features simply are lost. For example, several oral iniegu-
mentary structures that contribute to the unique trophic apparatus that is
characteristic of many anuran larvae are absent from embryos of the viviparous
African frog, Nectophrynoides occidentalis (M. H. Wake, I9B0c). These inciude
the keratinrzed (horny) beaks and labial teeth. In lacking many larva-specific
features, viviparous N. occidentalis exemplifies a predominant trend that is
exhibited by several additional ovoviviparous or direct-developing species
within the genus Nectophrynoides, all of which lack a free-living larva.

The second and arguably more interesting fate of larval features is their
recruitment to perform new physiological functions in the developing embryo
or fetus. Most of the examples offered to date center around apparent specializa-
tions for the transfer of nutrients and other substances from the mother to
the fetus while it is still within the maternal oviduct. In N. occidentalis, for
example, the fetal frog is believed to ingest uterine secretions orally as a
supplemental food source following exhaustion of the embryonic yolk (Lamotte
and Xavier, 1972; vilter and Lugand, 1959; Xavier, 1973; cired in M. H. wake,
1980c). Correlated with this novel feeding mode is the retenrion and, indeed,
elaboration of the network of external buccal papillae, which surround the
mouth and assist food gathering in typical tadpoles. In typlonectid caecilians,
all of which are viviparous, embryos and larvae grow large, saclike, and highly
vascularized external gills, which are resorbed or shed only at or soon after
hatching (Hraoui-Bloquet and Exbr ayat, 1994; Toews and Macintyre, lg77).
The morphology and development of these gills differ considerably from those
in viviparous species in other caecilian families, which are resorbed well before
birth (vt. H. wake, 1993; Fig. IB). In free-living amphibian larvae, external
gills provide sites for gas exchange that are used in aquatic respiration. In one
typhlonectid species , Typhlonectes compressicaudus. the fetal gills and marernal
oviduct have been posited to function as a "pseudoplacenta" that effects gas
exchange and nutrient transfer between the mother and her offspring (Delsol
et al.,198I; Exbrayat and Hraoui-Bloquet, r992;Hraoui-Bloquer and ixbrayat,
1994, Hraoui-Bloquer et aI., L994; Sammourr et ar.,1990; Toews and Macintyre,
1977). However, despite extensive study of fetal-maternal relations in this
species, evidence for this "placental" function is largely circumstantial. The
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FIGURE tB Fetal gill morphology in viviparous caecilians. (A) A pair of triramous, fimbriated,

and relatively short gills are characteristic of nonviviparous and most viviparous species, such as

Dermophis mexicanus. Reprinted with permission from M. H. Wake (1977a). (B) Viviparous

typhlonectids, such as Typhlonectes compressicaudus, have a single, highly elongate, and saclike

gill on each side of the head, which has been suggested to function as a "pseudoplacenta" (see

rext). Reprinted with permission from Nature (Toews and Macintyre, 1977) Copyright 1977.

Macmillan Magazines Limited.

extent and mode of fetal-maternal exchange via the gills in this and other
typhlonectid species await confirmation by direct observation and experiment
(M. H. Wake, 1993).

Other features of the ancestral, complex life history may be recruited as

well, including the biphasic pattern of development itself. For example, many
viviparous caecilians possess a system for prenatal "food gathering" that is
similar to but even more elaborate and complex than the one seen in Nectophry-
noides described earlier; the fetus actively ingests secretions from the maternal
oviducts (Exbrayat,l9B4; Exbrayat and Hraoui-Bloquet, 1992; Hraoui-Bloquet
and Exbrayat",1992; M. H. Wake,. I977a,b). Associated with this novel feeding
mode is the presence of highly specialized and unique fetal dentition (M. H.

Wake, 1976,1980b). The fetal teeth are shed at or shortly after birth, when
they are replaced by the morphologically distinct and characteristic adult
dentition. In effect, the biphasic pattern of tooth development and morphogen-
esis that is characteristic of the larval-adult transition in many metamorphosing
amphibians is redeployed in the fetal-postnatal transition of viviparous caeci-
lians.
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Retention in viviparous amphibians of many larva-specific and related fea-
tures of the ancestral, complex life history, despite loss of the corresponding,
free-living larval stage, provides excellent examples of exaptation, i.e., the
evolutionary cooption of preexisting adaptations in novel functional and eco-
logical contexts (Gould and vrba, I9B2). Indeed, it seems likely that the
existence of larval features, discrete from those in the adult, may have allowed,
or even facilitated, the evolution of this novel reproductive mode in at least
some instances. However, much greater knowledge of phylogenetic trends
involving larval retention or loss, as well as their underlying developmental
bases, is needed in order to accurately and reliably define the nature and role
of such biases and constraints in the evolution of amphibian viviparity.

It also should be emphasized that the evolution of viviparity and other,
related reproductive specializations in Recent amphibians involves much more
than the simple retention, or even redeployment, of preexisting features of
the ancestral ontogeny. For example, the morphology of individual teeth that
comprise the fetal dentition in viviparous caecilians is unlike that seen in
either the larval or the adult dentition of metamorphosing species (M. H.
Wake, 1976). Many other aspects of early ontogeny, such as cranial ossifi.cation,
similarly are highly derived in viviparous caecilians (M. H. Wake and Hanken,
1982) and salamanders (Alberch and Blanco, 1996) in comparison to the
respective presumed ancestral ontogenies. In both instances, the sequence and
timing of bone formation have been altered in similar fashion, apparently in
response to similar functional demands imposed by precocious use of the jaws
in feeding before birth. As with the evolution of most adaptations, viviparity
comprises a complex mix of conserved and novel traits.

VII. CONCLUSION

The broad array of reproductive modes and life histories displayed by Recent
amphibians constitutes a series of variations on the ancestral theme of metamor-
phosis (Hanken, 1992). These variations have allowed frogs, salamanders, and
caecilians to diversify and adapt to a wide range of aquatic and terrestrial
environments, as well as other ecological opportunities. A central element in
this evolutionary success story is the free-living larva-retained or even ampli-
fied in many contexts and abandoned in others.

The evolution of larvae fundamentally involves modifications in develop-
ment. Changes in developmental patterns, especially those concerned with the
timing of developmental events, i.e., heterochrony, are well-documented. The
mechanistic bases of these and other evolutionary changes in developmental
pattern, however, generally remain poorly known. Both kinds of information
are needed to reliably define the range of evolutionary opportunities and
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constraints conferred by the ancestral, metamorphic life history, as well as to
assess the extent to which these opportunities and constraints vary among
different amphibian lineages.

Many of the most important evolutionary changes in larval development
likely involve pertubations to earlier ontogenetic stages, especially the embryo.
Yet, despite its long history, the comparative embryology of amphibians is
relatively poorly known. Consequently, renewed interest in comparative stud-
ies of development has revealed an unexpected diversity of molecular, cellular,
and developmental patterns and mechanisms among amphibian embryos (e.g.,
Del Pino, 1989; Del Pino and Elinson, l9B3; Elinson and Del Pino, 1985;
Novoselov, r9g5; Purcell and Keller, L993; Tiedemann et al., L995), including
comparisons of close phylogenetic relatives (Minsuk and Keller, 1996). Com-
parative embryological studies need to be extended to define the consequences
of these and other evolutionary modifications of early development for larval,
as well as adult, features.

Finally, studies of larval development and evolution will be most effective
and insightful when data are analyzed in a rigorous phylogenetic context, both
as a means of deriving the likely sequences of character transformation and
to most effectively integrate these studies with comparable and complementary
analyses of amphibian phylogeny and larval biology.
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