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Direct development in the lungless salamanders: 
what are the consequences for developmental biology, 

evolution and phylogenesis? 
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ABSTRACT D i r m  development is a widespread alternate reproductive mode in living amphibians 
that is characterized by evolutionary lossofthe free-living, aquatic Larval stage. Courtship, mating, and 
oviposition occur on land, and the terrestrial egg hatches as a fully formed, miniature adult. While it 
is the most common reproductive mode in urodeles, development outside the reproductive tract of 
the female that proceeds directty to a terrestrial hatchling occurs in only a single heage, the lungless 
salamanders of the family Plethodontidae. Evolution of direct development in plethodontids has 
contributed importantly to the extraordinary evolutionary success of this speciose, geographically 
widespread, and morphologically and ecologically diverse taxon. Developmental consequences and 
correlates inctude increased egg sire and embryonic development time, loss of lawal structures and 
ontogenetic repatterning, and altered pattern formation in organogenesis. Evolutionary and 
phylogenetic consequences and correlates include the loss of larval mnstrainb and origin of 
morphological n o v w ,  and frequent homoplasy. Analysis of direct development in an evolutionary 
context illustrates the complex interplay between processes of phylogenetic divergence and develop- 
mental biology, and substantiates the prominent role of developmental processes in both constrain- 
ing phenotypic variation and promoting phenotypic diversity. Despite the proven suitability of direct- 
developing plathodontid salamanders for laboratory and field study, knowledge of basic features of 
their developmental biology remains far below that available for many other urodeles. Examination 
of such features of these "non-model" organisms is an appropriate and deserving goal of future 
research. 
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lntroductlon 

Salamanders have played an indispensable role in the history of 
developmental biology. The vast majority of studies of urodele 
development involve species in which embryogenesis culminates 
in the production of a free-living larva. In most of these taxa, the 
larva, after a perlod of weeks or months, metamorphoses to a 
terrestrial adu#. Yet, this complex life history, which most people 
regard as a characteristic if not defining feature of Ihrlng amphlb- 
ians, is not PI@ predominant reproductive mode in urodeles. 
Instead, most thrlng salamanders have direct development: court- 
ship, mating, and oviposition occur on land, and the terrestrial egg 
hatches as a futly formed, albeit miniature aduR; there is no free- 
living larva (Figs. ?, 2). 

Although it is the mostcommon reproductive mode in salaman- 
ders and has evolved independently in frogs and caecilians (Wake, 

M., 1989), devefopmentoutsldethe reproductivetract of the female 
that proceeds dlrectly to a terrestrial hatchling without a free-living 
larval stage Is restrlcted to a single urodele lineage, the lungless 
salamanders of the family Plethodontidae. Direct development in 
plethodontids is believed to underlie, at teast in part, the extraordi- 
nary evolutionary success of thls family, which is manifest MI in 
the large number of living species and in their extensive morpho- 
logical, functional, and ecological diversity (Wake and Larson, 
1987; Wake, 1991). In this paper, we summarize the biology of 
direct development in plethodontids, focusing on the numerous 
consequences and correlates of this derived reprductive mode 
both for developmental biology and for evolution and phylogenesis. 
Most studies of dlrect development in plethodontids have focused 
on ecological and evolutionary aspects; there have been few 
analyses of development per sen As a means of encouraging more 
studies of the developmental biology of direct development in 
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I plethodontids that would redress this imbalance, we conclude this 
review by identifying aseriesof promising areas of future research. 

The evolution of dlrect development 

Phyloguwtetlc context 
Explicit phyloggenetlc hypotheses are a prerequlsite for rigorous 

examination of evolutionary patterns. We begin, therefore, by 
summarizing the current understanding of plethodontid relation- 
ships, both within the family and with respect to other groups of 
living urodeles. 

The Plethodontidae is one of ten extant families of salamanders 
(Duellman, 1993). It includes more than 245 species, or about two- 
thirds of all recognized species of urodeles. Phylogenetic relation- 
ships among these ten families are the subject of ongoing debate, 
and several alternative hypotheses exist; different results are 
obtained from separate analyses of morphological and molecular 
data sets, and from analyses of combined data sets (Hedges and 
Maxson, 19933; Larson and Chippindale, 1993). Traditional views 
have regarded plethodontids as among the most highly derlved of 
extant families ("deeply nested," in phylogenetic terminolqy), 
based on prominent morphological features such as the absence 
of lungs and several cranial bones, and the presenee of nasolabial 
grooves and specialized feeding mechanisms (e.g., Duellman and 
Trueb, 1985). Molecular analysis, however, identifies them as one 
of the most basal taxa (Larson, 1991 1. The most recent compre- 
hensive analysis, which combines morphological and molecular 
data sets ("total evidence;" Larson and Dimmick, 1993), places 
them in an Intermediate phylogenetic position - derived with 
respect to families with apparently ancestral life history features 
(e-g., external fertilization), but basal with respect to other taxa, 
including such large familigs as the Salamandridae and 

Fig. 2. Dim dwelopmmt the most tmrnmon reproductive made in 
urodeles. (A) Ovrposmng female Bolrtogiosse compacta, a plethodonrid 

Ambystomatidae (Fig. 3). 

salamander from western panama The /age, unprgmsnted eggs are 
with more being almost year (e'g*,  and chmfler6t1c of many direct&v8/opmg amphbians (B) Harchlrng s m n  
Wake, 1993; Hanken and wake, 1994). The geographic range of after emergmg from an egg f ~ ~ o r ~ l n g  an incubatmn pemd of 249 days (8 
the family spans North America and Central America, and extends months) at 1355 
to much of South America as well as southern Europe. The family 
includes all tropical salamanders, which account for nearly one- studies (references in Larson and Chippindale, 1Qg3). There are 
half of all salamander species. Widespread homoplasy has corn- two subfamilies. One, the Desmognathinae, includes 3generaand 
plicated attempts to resolve phylogenetic relationships within the 14 species confined to eastern North America. The other sub- 
family (Wake and Larson, 1987; Wake, 1991). Yet, identities of and family, Plethodonthae, comprises three tribes. Plethcdonthi (3 
relationships among major lineages (Glades) are for the most part genera and 48 species) and Hemidactyliini (8 genera and 24 
well resolved (Wake, 1992, 1993a; Fig. 4; Table 1) as a result of a species) are both restricted to North America. Bolitcglossini, with 
series of morphological (Lombard and Wake, 1986) and molecular 14 genes and 160 species, is further subdivided into three 

supemenera- Hydromantes(one genus in Europe and California), 

I 
- 

I 
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There are *8 PIethodontid genera and more than 245 swies* 

Fig. I. iw0 *hnate  8itraihoseps (one genus in western North America), and 
Direct Deve'opment productive modes In solitoglossa (the 12 tropical genera). 

amphlbians. The ances- 
trai/ifeh/srorvldashed(ine) 
mvoives brva'and The presumed ancestral, biphasic life history, comprising aquatic 

st8ges eggs and larvae and terrestrial adults, is retained in many 
separated by a discrete ," plethodontids, viz., most species of desmognathines and all 
reCt development (solid hemidactyliines (Tilley and Bemardo, 1 993; Collazo and Marks, 
linel, the freehiving larval 1994). Obligate loss of the adult stage and consequent larval 
stage 15 lost, and B mini- reproduction characterizes several hemidactyliines, mainly cave- 
a t ~ ,  terrestrd  d d t  dwelling species presently placed in four genera (€ufycea, 
hatches from the at Gydqhj / tm ,  #8/deOft$m, ~yph/omolge). Direct development 

characterizes all species of Plethodontini and Bolioglossini and 
three species of Desmognathinae - Phaewn8ii?#s hubmfi ,  

many times has dlmd &velopnmt evolved? 

TIME (El 
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Flg. 3. Phylogen6tic relationships among extant urodeles, b a d  on 
analysis of ''total evidama" (Larson and Dimrnick, 1993). This scheme 
unites a// saiamander families with internal fertilization into a single clads 
(arrow), which is distinct from those mth external fertilization ISirenidae, 
Hynobiidae, andCryptobranchidae). Redrawn from Larson andChippindab 
(1993; Fig. 381. 

Desmognathus aeneus, and D. w@hti- but no hsrnidactyliines. 
The exact number of times that direct development has evolved 

among plethodontids remains unknown (Cdlazo and Marks, 1994). 
It almost mrtainly evolved more than once or even twice, and may 
have evolved as many as five times (separately in all three 
desmognathines, plus onceeach in Plethodontini and Bdilossini; 
Wake, 1968). Other possibilities include fwrtirnes (assuming that it 
a m  in the common ancestor of PLethodontini + Boliboglossini and 
was retained), or three times (assuming that it also a m  in the 
common ancestor of D. W t i a n d  D. aeneus). If direct development 
evolved only o m ,  then a free-ring, aquatic larval stage must have 
reappared at Ieasi twice (within Demcgnathus, and at least once 
within Hemidactyliini). Regvolutim of the larval stage - a major 
evolutionary reversal - would appear to be more complicated 
~elopmentally than its evolutionary loss. However, re-evolution of 
larvae has been hypothesized for other amphibian taxa, e.g., marsu- 
pial frogs in the South American genus Gashthem, in which direct 
development invokres a simple truncation of the development of 
l a d  features before the formation of adult components (Duellman 
et a/., 1988). Eggs of these frogs develop in a dorsal skin pouch on 
the female parent; alter hatching the tadpole remains in the pouch 
until metamorphosis is complete (Wassersug and Duellman, 1984). 
Resdutim of this problem in plethodontids awaits more robust 
phylogenetic hypotheses than are presently available. Developmen- 
tal data may also make an important contribution if it can be shown 
that "direct development' is not a uniform develapmental mode in all 
species, but instead comprises two or more distinct ontogenetic 
patterns within the family. For example, preliminary evidence that 
direct development has evohd at least two or even three times 
amaslgplethodontidsisseen inthecontrasting patternsofembtyonic 
development of several organ systems in plethodontines, 
bdilossines, and desmognathines (see below). 

Plethodontids are generally regaKled as derived from an ancestral 
stock associated with stream dwelllng, and it is within this an-1 
ecology that both lunglessness and stream-adapted larvae am8 
(Bmchy and Bruce, 1993). Stream larvae must be able to cope with 
the dynamic nature of the microenvironments in which they live, and 
this requires that they have well-developed limbs upon hatching. An 
advanced state of development upon hatching in turn demands a 
well-provisioned egg. The large, yolky eggs develop slowly but fully, 
so that at hatching the head and jaws, like the limbs, are at an 
advanced stage of development and have essentially the 'mature' 
larvalfom. Beeausetheyfetainydk, hatchlingsmaynotneedtofeed 
foruptoaweekwmore,andbythetlmefeeding isiniiiatedthe trophic 
apparatus is fully functional. Feeding in larvae, whether pond- M 
stream-adapted, involves electromption and mechanoreception - 
both Imlied to the lateral line system - rather than vision. Acoord- 
ingly, vision develops slowly in larval salamanders; only by the time 
of metamorphosis, when vision W m e s  critical for prey detection, 
is the characteristie amphibian visual system in place, dominated by 
strong contralateral retimectal projections (Roth, 1987). Indeed, the 
eyes of hatchlings are little more than lightdark predator detection 
organs. 

The large eggs and slow development of plethodontids with 
stream larvae (Cdlazo and Marks, 1994) also are characteristic of 
all directdeveloping species (see below); they represent the 
ancestral point of departure for the evolution of direct development 
in this family. Indeed, they may be necessary initial conditions for 
the evolution of direct development in all urodsles. That they alone 
are not sufficient conditions is illustrated by the Oicarnptodontidae 
and the Rhyacotritonidae. Whereas membersof both families have 
large, slowly developing eggsand stream larvas, neitherfamily has 
evolved direct development, despite their great phylogenetic age. 

Developmental consequences and correlates 

Egg and denelopmenf time 
Eggs of all plethodontids are large and yolky, but this is espe 

cially true of species with direct development (Duellman and Trueb, 
1985; Collazo and Marks, 1994; Collazo, 1990). Egg diameter 
among desmognathines vanes from 1.4 mrn in Desmognathus 
ochqhaeus, a metamorphosing species, to 7.2 mm in direct- 
developing Phaeognathus hubfichti (Tilley and Bemardo, 1993). 
Studies of two Californian specles have examined some of the 
consequences of increased egg size in direct-developing forms 
(Collazo, 1988, 1990). In the slender salamander, Bstrachosqx 
attenuatus (Bolitoglossini), the egg is relatively small, cleavage is 
holoblastic, and morphogenetic movements associated with 
gastrulation and neurulation are typical for salamanders generally, 
including those with free-living larvae. In Ensatina (Ensatina 
eschscholtZir; Plethodontini), the egg is very large (to 6.9 mm dia.), 
cleavage is meroblastic, and the early embryo forms an embryonic 
disk. These derived features of Ensatina may be functionally 
related; the unusual pattern of cleavage and morphogenetic move 
ments likely are consequences of the increased egg size and 
amount of yolk (Collazo, 1988, 19gO). Indeed, they are analogous 
to those typically found in the yolk-rich eggs of most birds and 
reptiles, as well as In the large-egged marsuplal frogs (~stmthBcB) 
discussed above (del Pino and Elinson, 1983; Elinson and del 
Pino, 1985; Elinson, 1987; del Pino, 1989). Interestingly, the 
contrasting patterns of early development represented by 
Batrachoseps and Ensatina may not be characteristic of their 



respective lineages, which instead are highly variable. For exam- 
ple, egg size, cleavage, and morphogenetic movements in 

cinereus, a member of a sister taxon of Ensatina, are 
more like those of Baimdmeps (Piersd, 1908-09: Dent, 1942). 
Amides, an even closer relative of Piethodonthan is Ensatina, has 
the largest egg reported for plethodontids (7.4 rnm dia.; Stebbins, 
1951) and an embryonic disk, as in Ensatina (Collazo, 1900). 

Another feature associated with direct development in many 
ptethodontids is increased duration of embryonic development 
(Collazoand Marks, 1994). In some species of bolilosslnes, the 
period of intracapsular development is extraordinarily long - as 
many as 251 days in Bditogbsa compacta maintained at 13% 
(Hanken, 1979; Fig. 2), and more than 270 days in Hydromantes 
ii%licus reared at 11% (Durand, 1970). The relation beween 
reproductive mode and development time is complicated, how- 
ever, by the effects of egg size and especially genome size 
(Jcckusch, 1994), which is large in plethodontids generally but 
especially in bolitoglossines (Bdrtoglossa and H y d m n f e s  have 
the largest genomes among plethodontid genera; Sessions and 
Kezer, 1991). Indeed, even eggs of some species that produce 
larvae nomlly require 70 or more days to hatch (Collazo and 
Marks, 1994). There are some relatively small-genomed, small- 
egged plethodontids that have direct development (as., 
Dwrmgn8lhus wrightr; Collazo and Marks, 1989) and although 
these are the most rapidly developing of the directdeveloping 
species, hatching still requires at least 79 days (Collazo, 1990). 

Family 
Pletfiodontidae 

Loss of lewd stwctums and onbgenetk -lng 
A defining feature of direct development 1s the precocious 

(embryonic) formation of adult features, which in the ancestral 
biphasic ontogeny typically do nut appear until metamorphosis. A 
related and recurring problem in the study of the ontogeny of direct 
developing taxa is the extent to which ancestml larval features are 
recapitulated during early development (Hanken, 1992; Hanken ef 
al., t992). Directdeveloping plethodontids exhibit constderable 
interspectficvariation in this regard. To some degres, this variation 
my reflect differences in the age of the taxa Lrtvolved or in the 
recent evolutionary shii in reproductive mode. For example, there 
appears to be more embryonic recapitulation of larval features in 
the dlrectdeveloplng desmognathines, where one finds both di- 
reetaeveloping and metamorphosing species In a single genus 
(Desmognathus; Collazo and Marks, 1969), than in the 
Bolitoglossini, a large, well-defined clade that contains exclusively 
directdeveloping taxa (AI berch, 1 W7, t 989; Marks, 1994). 

bsmognathiw 
Tribe- 

Hemidactylhi 

?tibe 

Fig. 4. Phylogolwtic d o n s h l p  among 
the mapr  linwpm of Plethodontidae. See 
Table 1 fw a list of component genera and 
numbers of spmies. Redrawn from Lombard 
and Wake 17m). 

Subfamily 
Plethodontinae 

The trend towards loss of lalval components in directdevelop- 
ing taxa is well illustrated by the hyobranchial, or gill-arch skeleton. 
The larval hyobranohial skeleton of ancestral plethodontids con- 
tained four pairs of arches. Larvae of all metamorphosing 
desmognathines retain this pattern, as do embryos of one species 
with direct development {Marks, 1994); embryos of another direct- 
developing species have only three pairs (Alberch, 1987). Larval 
hemidactyliines have three or four pairs of arches (Rose, i995a). 
The remaining taxa, all direct developers, have as embryos either 
three pairs (Plethodontini; Dent, 1942) or one pair of arches 
(Bolitoglossini; Wake, 1966; Alberch, 1987). Thus, the trend to- 
wardsat least partial lossof recapitulation of the larval hyobranchial 
skeleton has mcurred independently as many as three times. In 
one lineage - the bolilossines - the trend is virtualty complete; 
there is only rudimentary evidence of lawal structures at any stage. 

In some direct-developing plethodontids, loss of larval struc- 
tures is accompanied by extensive change in the initial embryonic 
patterning of remaining components and the consequent evolution 
of novel adult morphologies. This phenomenon, in which appar- 
ently new sets of morphogenetic prmssses accompany changes 
in developmental timing (heterochrony), has been termed "ontoge- 
netic repatterning" (Roth and Wake, 1985; Wake and Roth, 1989). 
Again, the hyobranchial skeleton is illustrative. In all adult 
plethodontids, the hyobranchial skeleton includes a prominent pair 
of elongate epibranchial cartilages. In metamorphosing species 
(e-g., desmognathines), the adult epibranchials are remodeled 
from larval counterparts within the first (largest) gill arch and the 
more posterior arch elements in larvae are lost, although in at least 
one hemidaejrliine genus (Eurycea) the adult epibranehial forms 
as a de novo element derived from progenitor cells 
compartmentalized early in ontogeny (Alberch and Gale, 1986). In 
direct-developing bolitoglossines, however, devetopment of all 
epibranchials is repressed save for the definitive adult structure, 
which is of questionable homology to the different elements in 
either Destmgnathusor € u r n .  This structure, Indeed the entire 
functional complex of the tongue, Is fully developed well before 
hatching (Fig. 5). Ontogenetic repatterning of the hyobranchial 
skeleton in bolitoglossines is correlated with the evolution of freely 
projectile tongues in many taxa, includlng novel, complex 
morphologies not present in anymetamotphosingspies (Lombard 
and Wake, 19i7; Wake, 1982). 

Ontogenetic repattemlng extends to other parts of the inte- 
grated feeding system, including reorganization of the visual 
system at the level of the tectum opticum and tegmentum 

Plethodontini 

S u m n u s  

supelgenus 
Balitoglossa Bolitoglossini 
supefgmus 

Batmchoseps 
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TABLE 1 

CUSSIFICATION OF PLETHODONHD GENERA 

Subfamily Desmcgnathinae Phasognathus ( I ) ,  Lelrrognsthus {l) ,  
Wesmognathus (1 2) 

Subfamily Plethodontinae 
Tribe Plethodontini 
Tribe Hemidactyliini 

Tribe Bolitoglossini 

~ 

Numbers of species (in parentheses) are taken from Duellman (1  9931 and 
do not include several additional swcies described since 1993. 

msencephali (Roth eta!., 1994) and reorganization of brainstem 
motor nuclei (Wake etal., 1988; Nishikawa etal., 1991). These are 
all changes in which heterochronic shifts are associated with new 
directions for developmental pathways. Thus, in botitoglossines 
early stages of the ancestral pattern of retinotectal pathwayforma- 
tion are retained but then amplified; these salamanders thereby 
gain extensive ipsilateral projections comparable to those in mam- 
malsthat relate to improved visual system performan= associated 
with feeding (Aettlg and Roth, 1986; Roth, 1987; Wiggers and 
Roth, 1991 ; Roth ef a/., 1993). At the same time, brainstem motor 
nuclei fail to undergo differentiation eventstypical of other amphib- 
ians, e.g., frogs. Possibly as a result, ancestrallyconnected move- 
ments involved in feeding and lunging are decoupled in these 
salamanders, resulting in improved feeding performance and the 
abirity to feed in exposed (e,g., arbreal) sites without attracting the 
attention of predators or losing physical position in the microhabiit 
{Rotl~ and Wake, 1985). 

Ontogenetic repatteming is an evolutionary concept that de- 
rives from comparative study of developmental trajectories; it 
hypothesizes individual changes in developmental processes in 
particular lineages. It is best understood when specific develop- 
mental modifications are interpreted within an explkii phylogenetic 
and functional context. tt postulates that recombination and disso- 
ciation of developmental events wlthin ontogenetic trajectories 
place embryonic rudimentdanlagen in different spatial and temp* 
ral relations in comparison to those found in related taxa. These 
new relationships may produce novel systems of developmental 
interaction and morphologlcal and functional integration {Wake 
and Roth, 1989; Roth and Schmidt, 1993). 

ACferedpattem formation In --is 
Direct-developing plethodontids provide several additional in- 

stances of fundamental alterations in early embryonic pattemlng 
that apparently have accompanied the evolution of this derived 
reproductive mode and cansequent loss of the free-living larval 
stage. One example involves limb-skeletal patterning in 
bolitoglossines, which also provides a fascinating case of conver- 
gent evolution with amniotes. Traditionally, salamanders have 
beenthought todifferfrom frogsandamniotes intwo major aspects 
of limb development (Shubin and Alberch, 1986). In urodeles, the 
basale commune, a skeletal element that lies at the base of digits 

one and two, forms early and at a considerable distance distal to 
the main (prodmodistal) limb axis, and there Is a subsequent 
preaxial-to-postaxial gradient of development in the manudpes 
("preaxial dominance"). In other tetrapods, the main limb axis 
extends to digit four (including the basale commune), and there is 
a subsequent postaxial-tPpreaxial gradlent of development in the 
manudps ("postaxial dominance"), Limb development in direct- 
developing salamanders does not follow the abwe "urodele' 
pattem, which proves to be characteristic only of metamorphosing 
species. Instead, in direct-developers both early, distal develop- 
ment of the basale commune and preaxial dominance are less 
pronounced (Shubinand Wake, 1991; Shubin, 1995; S. Marks, N. 
Shubin and D. Wake, personal communication). Prechondrcl- 
genic patterns of segmentation and connectivity also are more 
similar to those in amniotes than in other salamanders (Fig. 6). 

Differences in pattem formation are mlrrored by differences in 
the relative timing of limb development, which also varies accord- 
ing to l ie history. In taxa wlth pond larvae, forelimb buds are small 
at hatching; hind limb buds are smaller, or even absent. In species 
with stream larvae, there is less disparity in the time of formation of 
fore- and hind limb buds, and hind limbs are well developed at 
hatching (e.g., Desmognathus; Collazo and Marks, 1994). Limb 
development is accelerated even further in species wlth direct 
development; hind limb buds develop relatively early and nearly 
simultaneously with the forelimbs (Piersol, 190&09 Marks and 
cdlazo, 1988; Marks eta/., 1992; Wake and Shubin, 1994; Flg. 
7A), as in many direct-developing frogs (Elinson et ab, 1990; 
Hanken daL, 1992; Fig. 78). 

These and other m n t  observations of direct-&veloping 
preulodontids may call for a reevaluation of which features should 
be considered "typical" of salemander development. Many traits 
long considered dIaracteristic of all or even most salamanders 
may prove to be caenogenetic features, i .e., specialized ernbryonlc 
or larval adaptations to partlcular functional demands or develop- 
mental conditions. For example, the pattern of limb development 
long regarded as characteristic of all urodeles (see above) may 
instead be tightly linked with the extracapsular development of 
limbs and the unique functional demands experienced by species 
with pond larvae, in which the limbs are used as they form. 
Accordingly, intracapsular development of limbs in salamanders 
with direct development, internal development of forelimbs in 
tadpoles, and embryonicdevelopment of limbs In amniotes may all 
represent variations on an early tetrapod ground plan (Shubin and 
Wake, 1951; Wake and Shubin, 1994, unpublished data). 

Evolutionary and phylogenetic consequences 
and mrmlates 

Loss of lewel mstralnts 
In metamorphosing amphibians, free-living lawae must function 

as moving, feeding organisms. This ecological requirement at least 
potentially constrains adult morphology. Indeed, in most frogs, 
highly specialized tadpoles are transformed into adults by an 
abrupt and comprehensive metamorphosis, a dramatic transition 
that may have evdved as a means of minimizing larval constraints 
on the adult while retaining a complex life history. A far less 
pronounced metamorphosis in salamanders means that many 
larval features are retained in the adult. One example is the adult 
retention of larval features of the hyobranchial apparatus that play 
critical roles in both aquatic and terrestrial feeding (Lombard and 
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AB. 5. Whdemount embryo of iW&og/assa -ata preserwd 
several weeks bdore hatching m n d  stained wzth an antibody to slow- 
twitch fibs striated m d  myosin. (AI Lateral view showing the 
advanced stage of development of the entire head. but especial& the 
tongue, which is protruding from the mouth. Retractor muscles (r) already 
assume an essentially adult configuration and insert into the tongue pad. 
Tongue pad muscles (tl also are well developed and radkte into the pad 
from their origin OR the basibranchid cartilage (not Visible). The large, bulb- 
like protractor muscle @) is wrapped around the elongate epibranchial 
cartilege. Both the very large 8WS (e) and calcified endolymphtic sacs (5) 
are typical of directdeveloping embryos. (8) h l S 8 l  view showing tongue 
retractor and pad rnuscies. Note the forward rotation of ths eyes, which 
does not occur until metamorphosis in species with larval development. 

Wake, 1977; Wake, 1982). The evolution of direct development, 
through its elimination of the larval stage, represents a potential 
means of escaping such constraints. Moreover, it is one that 
apparently has been achieved in some, but not all, plethodontid 
lineages. The supergenera Hydmmntes and Witq$mm, for 
example, have achieved an extreme degree of adult hyobranchial 
specializatlon (e.g., theskeleton folds in a novel way during tongue 
protraction) that would appear to be highly unlikely, if not impossi- 
ble, in the abssnce of a much more oomprehensive metamorpho- 
sis than exists in any urodele. In contrast, directdeveloping spe- 
cies of Plethodontini retain the ancestral adult mechanical configu- 
ration. Direct development thus represants a necessary but not 
sufficient condition for the evolution of biomechanical specializa- 
tion (Roth and Wake, 1985). 

conservallon of on-- 
An ontogenetic trajectory is a conserved sequence of develop 

mental events that is associated with extensive self-organization 
and self-stabilization (Alberch eta/., 1979; Wake and Roth, 1989). 
It can be addressed at many taxonomic levels. At the level of sister 
species the degree of evolutionary consenration may be virtually 
complete, while there is a general but nonlinear decay correlated 
with increasing taxonomic distance. Ontogenetic trajectories are 
conserved even when caenogenetic features are added. For 
example. while the presence of a lawal stage is a plesiomorphic 
(Le., ancestral) state for Recent amphibians, there has been 
accentuation of larval features in living taxa, especially in frogs 
(Wassersug and HM, 1982), but to a lesser degree also in 
salamanders. The ancestral state in urodeles may have comprised 
a relatively long-lived larva that pmeeded gradually along an 
ontogenetlc trajectory and underwent only a modest metamotpho- 
sis (as in Paleozoic relatives of the Lbsamphibia; Schmh, 1992). 
The rapid and more pervasive metamorphasia observed in many 
living amphibians thus would represent a caenogenetic feature 
(Elinson, 1990). Direct development in effect restores a significant 

component of the conserved, ancestral ontogenetic trajectory, 
almost by default. 

There is, however, persistence of certain larval traits and even 
metamorphic events in many direct-developing ontogenies. Early 
observations of the heterogeneous developmental patterns and 
adult morphologies of many directdeveloping plethodontids led to 
the concept of differential metamorphosis, whereby taxa retain 
speufic, albeit no longer synchronized, features of the ancestral 
metamorphosis (Wake, 1966).The best understood example is the 
complicated history of the premaxillary bone (Wake, 1966, 1989, 
1991 ; Wake and Larson, 1987). The ancestral condition is a paired 
bone at the front of the upperjaw. Early caenogenetic evolution led 
tothe presence in larvaeof asingle, median premaxillary bone with 
a specific functional role; in some species, this bone divides at 
metamorphosis, thereby restoring the ancestral condition in adults. 
In direct-developingtaxa, a single bone still appears in the embryo, 
but it la& function; it represents a kind of "phylogenetic memory." 
This bone remains single throughout life in some taxa; in others it 
divides near hatching or late in lie, following sexual maturation (as 
in Bstraehoseps wrighti) Its development is no longer synchro- 
nized with other metamorphic events, e.g., remodeling of the 
hyobranchial system and ossification of septomaxillary and pre- 
frontalbones.Suchon~enetic'shuffling"isrampantwithindir~- 
developing piethodontids, especially bolitogtossines, and probably 
underlies much of the homoplasy that is so prominent in these taxa. 

Homoplasy 
Homoplasy is evolutionarily derived similarity that results from 

phenomena other than mrnmon ancestry, such as parallelism, 
convergence or reversal. It is detected as character incongruencies 
in phylogenetic analysis. Homoplasy is especially common in the 
direct-developing plethudoniids (Wake, I Nl), wheremany similar 
traitsrepregenttherepeatede~~ionofalimitedsetofphenotypic 
outcomes of conserved developmental programs. Thus, absence 
of segmentation and bifurcation of chondrogenic foci whin the 
developing postaxial limb have led to repeated loss of the fifth digit 
in many species. This trend differs from that in anurans, in which 
the first toe is repeat&@ lost, as awnsequence of the contrasting 
developmental patterns of preaxial versus postaxial dominance in 
the two groups (Alberch and Gate, 1983, 1985). Other examples 
include the repeated evolution of similar paedomotphic adult 
morphologies, characterized bythe absenceof septomaxillary and 
prefrontal bonesand the retention of cranial fontanelles throughout 
life, as wet1 as peramotphic adult states such as cranial crests and 
enlarged jaws and teeth. Homoplasy can also arise from redeploy- 
mentof components of ancestral ontogenies, such as the function- 
aHy significant reorganization of the tarsus in several taxa that is 
associated with the reappearance of phylogenetically "lost" ele- 
ments (e.g., Schmalhausen's 'm;" Wake, 1991; Shubin et ab, 
1995). 

Research opportunities 

fhe mora than 210 Species of direct-developing plethodontid 
salamanders oHer excellent research Oppdrtunities in eontempo- 
mty developmental biology. These include phenomena that are 
uniquetodirect development, aswellasothersthat are sharedwith 
metamorphosing amphibians or vertebrates generally (Elinson ef 
ab, 1990). Yet, most studies of direct development in salamanders 
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Fig. 6. Forelimb skeletal patterning in 
sarcoptarygien vmt&ruteo (Sad. Lungfishes Dip)  
have a single central axis in the pectoral fin. Among 
tetrapods Feu, this axis is retained in amniotes (Amnl 
andanurans (Anu), wh8m it extends along thepostax- 
ial portion of the limb and into digit 4. Evolutionary 
change occurred in the Lissamphibia (lid, with 
urodeles (Urn) diverging from anurans possibly as a 
resuttoflarvaladaDtatian. Swecies with larval develoc- 

have fmused on ecological and evolutionary implications of this 
derived reproductive made(e.g., H o d ,  1977; Tilley and Bernardo, 
1993). Published studies of the developmental biology of direct- 
developing taxa have largely concentrated on defining basic pa- 
rameters in one or another species, such as the sequence and 
timing of discrete developmental events, interspecific variation in 
egg size and length af the development period, and gross develop- 
ment of specific organ systems (Noble and Marshall, 1929; Bishop, 
I941 ; Wake and Marks, 1493). Few studies have explored basic 
developmental mechanisms in these vertebrates, which have 
immediate relevance to both evolutionaty and developmental 
topics. Here we identiv three areas thaf offer especially promising 
opportunities fur rasearch, 

C t ? l l / / q ,  compartmentalhth, and the embryonic &gin 
of adutt strudum 

Resolution of many fundamental questions regarding the un- 
derlying developmental mechanisms and evolutionary conse- 
quences of direct development in urodeles will require precise 
knowledge of the embryonic origin of adult features in both meta- 
morphosing and direct-developing species. Information regarding 
the extent to which larval and adult structures originate from 
discrete embryonic cell lineages, for instance, is needed to critically 
evaluate claims regarding the existence of larval oonstraints on 
adult morphology in metamorphosing species (see above). Exist- 
ing evidence of such developmental constraints in urodeles is 
largely circumstantial, viz., the extreme diversification of adult 
morphology in many species that lack larvae. In anurans, many 
organ systems display a phenomenon similar to the embryonic 
oompartmentalization of adult precursors found in many insects 
(Fox, 1981). In jaw muscles, for example, all larval myofibers 
degenerate at metamorphosis and the muscles are repopulated by 

ment (Lar, and the unnam~b branch which represents 
metamorphosing species of Flethodontidae, Piel, have 
an independent distalelemen?, the basale commune, 
and the limb axis extend through digit 2. in direct- 
developing Bolitoglossini (Boil, limb development 
combines features of both patrems. Roman nurnemls 
denote digits. Arrows indicate the direction of differ- 
entiation of the digital arch# except in Editoglossini 
where the digital arch forms more or less simultans- 
ously along its entire length. Modified from Shubin 
( 1  9951. 

adult myofibers recruited from quiesoent satellie cells residing 
within the larval muscles (Alley, 1989). 

Compartmentalization of larval versus adult cells has been 
described in the ontogeny of the epibranchial cartilage in the 
metamorphosing plethodontid Eutycea #shea& (Alberch et a)., 
19=, 1986; Alberch and Gale, 1986; Alberch, 1987,1989), but the 
extent to which this developmental pattern is unique to this taxon 
or more widespread among plethodontids remains to be assessed. 
Development of reliable methods for tracing the lineage of ernbry- 
onic stetnoell populatims into pashatching ontogeny (e.g., Collazo 
et a]., 1994) has overcome many of the technical difflculties that 
impeded early efforts to answer these questions (e.g., de Beer, 
1947) and made such analyses feaslbie. 

Hormonal control 
Hormonal control of amphibian metamorphosis has long offered 

a paradigm for studying the regulation of postembryonic develop- 
ment in vertebrates (Dent, 1968; Gilbert and Frieden, 1981). 
Recent analyses have begun to reveal the molecular mechanisms 
that underlie the ordered appearance of the adult phenotype in a 
cell- and tissuespecific fashion (Tata, 1993; Atkinson, 1994). 
While it is likely that perturbations to this system of control play a 
prominent role in mediating the evolutionary changes in develop- 
mental rate and timing that characterize amphibian phylogenesis 
(Hanken and Hall, 1984,1988; Reilly, 1986,lgW; Emerson, 1987; 
Rose, 1996), this role, including changes in specific control param- 
eters (e.g., the number of thyroid hormone receptors or their 
binding properties), remains to be defined in most groups. Most 
previous comparative and experimental studies of salamanders 
have focused on instances of gross Change in developmental 
timing involved in the evolution of "neoteny," or larval reproduction 
(Shaffer, 1993). These indude a series of both plethodontids 
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case of direct development. Is the development of adult features, 
which now form in the embryo, still critically dependent on thyroid 
hormone (TH) as it is in metamorphosing taxa? Or, instead, is adult 
ontogeny "emancipated' from TH control (Lynn and Peadon, 
1955)? If the system of hormonal control has been retained, what 
is thesource of TH and other hormones -the embryo, or maternally 
derived yo1 k? Have all adult features been affected equally, or have 
some retained hormonal dependence while others lost it? To what 
extent does the gross change in hormonal control constrain or 
facilitate opportunitiesfor morphological evolution? To date, these 
questions have been pursued most extensively in anurans lag., 
Eleutherodactylus - Lynn, 1936,194.8; Lynn and Peadon, 1955; 
Hughes, 1966; Hughes and Reier, 1972; Elinson, 1994; Jennings, 
1994; Arffiroleptdlla- Brink, 1939; Morgan etab, 1989). Compara- 
ble analyses of directdeveloping plethodontids were initiated I 
more than 50 years ago (P/ethodon - Dent, 1942; Lynn, 1947; 
Amides- Dent, 1954), but these studies were never completed 
and desewe to be followed up {e-g. Rose, 1 gWc,d). 

Genes, developmenf and ewlutlon 
There is intense current interest in the molecular-genetic basis 

of pattern formation. Increasingly, such studies are being applied 
to pmblems in evolution, such as the role of various kinds of 
developmental oontrol genes in morphological diversification 
(Gaunt, 1994). To date, most studies follow an essentially typologi- 
cal approach; evolutionary inferences are made from broad com- 
parisons among distantly related taxa, often with little considera- 
tion paid to known ancestordescendant relationships or character 
state transitions (Gendron-Maguire eta/., 1993; Rijli et d., 1993). 
Direct-developing plethodontid salamanders offer an excellent 
system with whlch to assess the molecular-genetic basis of mor- 
phological diversification within an expcplicltly defined phylogenetic, 
functional, and ecological context, a context that t r p i l t y  is not 

Fig. 7. Direet-dovdoping embryos. (A) The Mexican p/erhodontid seh- 
mander Chiropterotriton magnipes ('early pigmentation 'stage; WaI? 1S8, 
Fig. Y71. (B1 The Puerto Rican leptodactylid frog Eleutherodactyius coqui 
(stage 4-5; Townsend and Stewart, 19851. Early, simultaneous develop 
ment of forE and hind limb buds (arrowheads] has evolved independently 
in directdeveloping urodeles and anurans. 

(Haklmt&m - Dundee, 1961; TYpAlomolge - Dundee, 1957; 
Gorbrnan, 1957; Gyrinophilus-Dent etab, 1955; Blair, 1961; Dent 
and Kirby-Smith, 1963; Yeatman, 1967; Brandon et a/., 1986; 
€ury;cea- Kezer, 1452; Dundee and Gorbman, 1960) and species 
in other families (ag., Ambystoma - Dams and KDhn. 1984; 
Jambs et a/., 1988; Galton, 1992; Neefurus - Galton, 1485; 
Amphiurn- Kobayashi and Gorbrnan, 1962; Larsen, 1968). Most 
evolutionary transitions in the Plethodontidae, however, involve 
more subtle changes in development than are represented by 
lanral reproduction (Wake, 1!366, 1991; Rose, 1995b). While 
changes in hormonal control may have played as significant a role 
in mediating these transitions as they have in instances of larval 
reproduction, until recently they have received almost no attention 
(Alberch et a\., 1985, 1986; Rose, 1995c,d). 

Opportunitles for probing the role of changes In hormonal 
control in phyletic diversification are particularly promising in the 

afforded by the typological approach. A practical consideration that 
precluded such studies in the past is the high cost and effort 
involved in preparing genespecific probes and other molecular 
tools that are used in analyses of this kind, which limited them to a 
few "model" taxa. Recent technbl innovations, however, such as 
effective methods for crowspecies in situ hybridization (A. Nieto 
and 0. Wilkinson, personal communication), have brought more 
fine-scaled comparative studies within reach. 

Numerous opportunities exist. Several studies, for example, 
have documented a prominent role of various homeobox and 
other segment-identity genes in specifying regional identity 
within the hindbrain and associated visceral arch derivatives. In 
different lineages of plethodontid salamanders, the evolution of 
direct development has affected the initial embryonic patterning 
of these same components to different extents - in 
Desmognathinae and Plethodontini, initial patterning has 
changed relatively little; In Bolitoglossini, changes in patterning 
are much more profound. If homeobox and other segment- 
identity genes have played an important role in mediating these 
evolutionary changes, then we might expect to see differences 
in patterns of gene expression between direct-developing 
desmognathines and bolitoglossines. Similarly, gene expres- 
sion patterns should be more similar between direct-developing 
desmognathlnes and metamorphosing outgroups than between 
bolitoglossines and metamorphosing taxa. Simllar opportuni- 
ties exist to explore the genetic basis of morphological diversi- 
fication of the hyobranchial skeleton (Lombard and Wake, 
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1986) and the hindbrain and cranial nerves (Wake, 1993b) 
within major lineages of direct-developers. 

Conclusions 

Throughout much of the 20th century, developmental biologists 
have shown an increasing preoccupation with a small number of 
"model" organisms (Bolker, 1995); forthose working with urodeles, 
the primary model is, of course, the axolotl (Armstrong and 
Malacinski, 1989; Shaffer, 1993). Non-model organisms offer 
unique opportunities to test the validity and generality of many 
observations derived from the study of model taxa, and to Investi- 
gate unique and important developmental problems that are not 
represented by them (Hanken, 1993). Plethodontid salamanders 
provide the greatest number and range of such opportunlties 
among urodeles, especially in the context of analyses of the 
complex interplay between development and phylogeny during 
evolutionary diversification. 

Earlier studies of amphibian developmental biology included a 
much broader range of taxa than are now commonly used, includ- 
ing many plethodontids (as., Goodale, 191 1; Emmel, 1924; Noble 
and Richards, 1932). They also devoted much greater attention to 
the role of developmental biology in organismal adaptation and 
phyhenesis than prevails today (Mom. 1994). In this sense, we 
call for a return to the early exploratory, integrative spirit that once 
typified the field. Combined with the dramatic discoveries and 
technological innovations that are so much a part of contemporary 
research, such an approach is likely to provide an abundance of 
fundamental insights into both developmental and evolutionary 
biology. 

Acknowledgments 
David Jennings, Elizabeth Jockusch, Lennart U&on and Chris Rose 

provided valuable comments on the manuscript. Research wppt was 
pro- by U. S. N a t i ~ n ~ l  Science Fwn&Mn gm& to 0.B. W. (BSFI- 
9019810) andJ.H. (15N-9419407). 

References 

ALBERCH, P. (1987). Evolution ol a devebpmentar process - irmvembility and 
redundancy in amphibian metarnorphosle. In Development as 8n €w/uhnary 
f..ocess (E& R.A. Rafl and E.C. Rafl). Alan A. Lss, lnc., New York, pp. 23-48. 

ALBERCH, P. (1 989). Development and the evolution of amphibian metamorphosis. 
In Trends in Verfebrele -, Fomchtilte der Z w ,  Vd. 35 (Ed& H. 
Splechtnn and H. Hllgers). Gustav Flscher Verlq, SlultpwI, pp. 163-173. 

ALBERCH, P. and GALE, €.A. (i983). Slze dependencse during the development of 
Mamphlbisnfoot. Colchicin64nduced dlgkal 1088 and reduction. J. En?&@. Exp. 

ALBERCH, P. and GALE, €.A. (1986). A ciwdopmental analysis of an evoluCmry 
trend: Dlgltal reductim In amphibiens. Evolution 39: 8-23. 

ALBERCH, P. and GALE, E.A. (1986). Pathways oi cytodiflerentlatlon during the 
metamorphosisof the epibranehlal m.rtllage inthesalamander furyoeabisllmdata. 
Dev. Bid. t 17: 233-244. 

ALBERCH, P., GALE, E.A. and IARSEN, P.A. (19%). Plasma T4 and T3 levels in 
naturally metamorphosing Et/- bis/ineata (Amphibia: Plethdonticiae). Gen. 

ALBERCH, P., GOULD, S.J., M E R ,  G.F. and WAKE, D.B. (1979). Ske andshapa 
In ontogeny and phylcgeny. Pa- 5: 298-317. 

A~EACH,P.,LEWBART,G.A.andGALE,E.A.(lge5).mefateoflalv~lchondrocytes 
duringthe metamtrrphostsofthe8pibmnchialinthesaIamandw € t # y w m k ~ t a .  

ALLEY, K.E. (1969). Myufiber lufflover is used to ratmfit frog jaw m d e s  during 

M. 76: 177-197. 

C m .  E m .  61: 153-163. 

J. E-. E T .  Morphd. 80: 71 -83. 

metamorphosis. Am. J. Anat. 184: 1:12. 

ARMSTRONG, J.B. and MALACINSKI, G.M. (Eds.) (1989). DeVelopmenbnltYit~/ogy 
of the M. Oxford University Pres, New York. 

ATKINSDN, B.G. (1984). Metamorphosis: model syEitems for studylng gene erpreb 
$ion In pslernbryonk development. Dev. Genet 15: 31 3.31 9. 

BEACHY, C.K. and BRUCE, R. (1993). Lunglessnessin plethodonlid selamanders is 
consistent wlth the hypothesis of a mountain sbam orlgin: a response to Ruben 
and burn t ,  Am. Nat. 134: 839-847. 

BISHOP, S.C. (1941). The Salamandm of New Yo&. Wstete Museum I%#. 324: 
1-324. 

BLAIR, A.P. (1961). Metamorphosis of f s e w h  palleucus with iodlne. Crrpeis: 
499. 

BOtKER, J.A. (1995). Model systems in developmental biology. 8 b 3 a 7 -  1Z-451- 
465. 

BRANWN, R.A., JACKSON, .I., WYNN, A. and SEVER, D.M. (ISBB). A naturally 
metamorphosed Tennessee cave salamander ( G y i - i - p .  J. Tmn. 

BRINK, H.E. (1939). A hlrffolqgical and c y t d q i i  Inwetigatson of the thyroids of 
AnhroEeptdfa bicolor vil(iersiand Bur0 aogusfbpduring the nom1 and enperi- 
mentally accelerated metamorphosis. P m .  Unn. Sm. Loml. 151: 120-125. 

COLLAZO, A. (1 S68). Development through neuruhtlon In large eggs of plethodontld 
salamanders. Am. Zod. 28: E M .  

COLWO,  A. (1990). Development and evolutlon in the salamander farnlly 
Plethodontidae. Ph.D. %is, University of Calhmia at Berkeley. 

COLLAZO, A. (ISM). Evolutionary correlations between early development and Ilk 

COLLAZO, A. and MARKS, S.B. (1989). Development and evolution In two species 
of pleththodontid mhrnanders wlth different Ilk histories. Am. Xwl. 29: MA. 

COUAZO, A. and MARKS, S.B. (1994). Development of Gyriflophrvusp@yrkkus: 
ldentificatlon of the ancestral developmental pattern in the salamander famlly 
Plethdontidae. J. Ewp. Zool. 268: 239258. 

COLLAZO, A., MABEE, P.M. and FRASER, S.E. (1M) .  A dual embryonicorigin for 
vertebrate rnechanormptors. scfence 2#: 4x430. 

DARRAS, V.M. and KUHN, E.R. (1884). Differenoe of the in vlvo r e q m E i ~ s t a  
thyrotmpln stimulatbn between the neotenic and metamorphosed axolotl, 
Ambystoma mexicanum: failure of prolactin to block the WqmWopin-lnduced 
thyroxine release. Gm. Cwnp. Endowho/. 58: 321-325. 

DE BEER, G.R. (1947). The differentlation of neural cresi calls Into v iwra l  cartilages 
and odontoblasts in Ambystoma and a re-examinallon of the gem-layer theory. 

DEL FINO, EM. (lam). Wifications of mgenesls and development In marsupial 
fmmga. Development 107: 168187. 

DEL PINO, EM. and ELINSON, R.P. (1 W). A n w l  develmntal pattern for [mgs: 
@Wrulalion produces an embryonic disk. Marlure 203 589-591. 

DENT, J.N. (1 942). The embryonic development of PM-dm &emu8 88 correlated 
A h  the differentiation and funcllming of the thyroid gland. J. Morphd. 71: 577- 
801. 

DENT, J.N. (1954). Obsewatbns on i d n e  metabolism in emblyas of the terrestrial 
salamander Aneides aeneus. Anat. Rec. 118: 294. 

DENT, J.N. (4968).  Survey of amphlblan metamotphmk. In Met8mm A 
Probkm in Developments, -(Eds. W. Etkin and L.I. Gilbert). Appleton- 
CenturyCmots, New Y d ,  pp. 271-31 1. 

DENT, J.N. and KIRBYSMITH, J.S. (1963). Metamorphic physiology and morphol- 
ogy of the mve salamander GyrinopMlus pehws. w: 1 18130. 

DENT, J.N., KIRBY-SMITH, J.S. and CRAIG, D.L. (1955). Itdudlonot metamomho- 
ais in Qyrh@ilm palleims. Anat. Flee. 121: 429. 

DUEUMAN, W.E. (1993). Amphibiao Specks ofthe Wwld: Addmwrs eno' Correc- 
tMs. Univ. Kangas Museum of Natural Hlstory, Spec. Publ. MI. 21, Lawren=, 
Kansas. 

DUELLMAN, W.E. andTAUEB, L. (1985). BiabgyofAmph&i&m. Mraw-Hil l  B w k  

DUELLMAN, W.E., MAXSQN, LR. and JESIOLOWSKI, C.A. (lSea). Evolurion of 
marsupial fmgs (Hylidae: Hemiphractidae): immunological evldanca. COpeia: 
527.543. 

Aced. Sd, 81: 1-2. 

history In WOdOntid SalMnderS and teleo84 fishes. Am. ZOO/. S: 11 6-1 31. 

P m .  Rv. SIX. Lond. 13.48: 3nm. 

company, New York 



868 D.B. Wuke and J. Hanken 

DUNOEE, HA. (1957). Partial metamorplwsis induced in TypMomo(ge rathbuni: 

DUNDEE, H.A. (1961). Responsaofthe neotenksalamander, Heideolrilon Wellracei. 
to a metamorphic agent science 135: 1080-1061. 

DUNDEE, H. and GORBMAN, A. (1980). Utikation of rediolodlne by Ehymld of 
neotenic salamander, @?&-en& Moore and Hughes. Zod. 33: 
5&63. 

DURAND, d. (1970). Fotlpflanzung und Entwicklung yon Hydrwnantm, dem 

ELINSON, R.P. (1987). Change In devekprnental pataems: embtyos of amphiMns 
with large eggs. In Develrrpmentas an Evdu-ry P m s s  (E&. A.A. Rafl and 
E.C. Ram. Alan R. Liss. Inc., New York, pp. 1-21, 

ELINSON, R.P. (1 WO). Direct developpment in ma: wiping the recapltulatbnlsl slate 
clean. smnin. Dev. MI. 1: m270. 

ELINSON, R.P. (igsrO.Legdevelopmentlnaf~w~outatadpole ( w a y k r s  

ELINSON, R.P. and DEL FINO, E. M. (1985). Cleavage and gasbulahn in the egg 

copeia: 52-53. 

HihlBnholch. T m  7: 42-48,49-51. 

-1. J. w. zwl. 270: 202-21 0. 

brooding marsupld frog, Gastrolheoa d&mba8. J. €m&fyd. EXp. mIpM. 90: 
223-232. 

EUNSON,R.P., DELPINO, E.M.,TOWNSEND,D.S.,CUESTA,F.C.ar!dEICHHORN, 
P. (1000). A practical guide to Ute dewlopmental blology of terrestrial-breedlng 

EMERSON. S.B. (1M7). Effects of chemically produmd shifts In devehpmental 
Uming on postmetammphic morphology in Bomblna &taHS. €xp, 81ol. 47: 105- 
109. 

EMMEL, V.E. (la). Siudies on the ncn-nucleeted elements of the M o d .  2. The 
oocurrenm and genesis of nm-nucleated emmcytw or erythroplasmlds In 
vertebrates other than marnm&. Am. J. Anat 33: 3474. 

FOX, H. (1 981 ). CyMglcal and morphokgical c h a n p  during amphibian metamor- 
@mls. In Mefamo@mw ' A Pr&bt-n in DedqmsMal Eldqy, 2nd ed. (Ed. H. 
Fox). Plenum Press, New York, pp. 327-382. 

GALTON, V.A. (1985). 3,5,3'-trllodothyronlne receptors and thyroxine 5- 
monodeidnating achwty in thyroid homne-ln9ensltlve Arnphlbi. Gen. C w .  
Endocrkrd. 57: 485471. 

GALTON, V.A. (1992). Thyrold hormone receptors and idothymnine deiodlnases in 
medeveloplng Mexican axolotl, A&ptomama*iEaoum. Qen. Camp. Er&Mnd. 
85: 82-70, 

GAUNT, S.J. (1994). Conservation in iiw Hox c d e  during morpholDgM evolution. 
Int. J. Dew. Blal. 38: 549-552. 

-5. Bid. M. 179: 163-177. 

GENDRON-MAGUIRE, M., MALLO, M., ZHANG, M. and GRIDLEY,T. (1993). Hox~-  
2 mutant mloa exhlMt horneotk transformation of skeletal elsments derlved from 
cranial neural m t .  C e N  7 5  131 7-1 331. 

GILBERT. LI. and FRIEDEN, E. (Eds.) (lml). M&-, A Pm#m in 
D8-U 8iaQy, 2nd ed. Plenum Press, New York. 

G W D ,  D.A. and WAKE, D.B. (1993). Systemalrc studles of the Costa Rican rnm 
salamanders, genus M ~ ~ ,  wim descrlptbns of hree new species. hiph'. 

GOODALE, A.D. (191 l).meearlydevelopmentof Spelerpesbilineelus(Grem). Am. 

GORBMAN, A. (1 957). The lhyroid gland d TypMmnofge rambunl. CqPW: 41 -43. 

HANKEN, J. (1979). Egg development time and clutch slze In two neotropical 

HANKEN, J. (1 Sse). LHe hlstory and morphologkd evolution. J. €d. Eo/. 3548557. 

HANKEN, J. (1 003). M&l systems versus wtgroups: &mth w p m h e s  to the 
study of heed development and evolutkn. Am. lod. 33: 448458. 

HANKEN, J. and HAU, B.K. (1 W). Varlatlon and tlmlng of the cranial W i M n  
sequence of the Orlental Are-bellied toad. 8odm orleniztls (Amphibia, 
Diszqle#isidae). J. Mt@o/. 182: 245-255. 

HANKEN, J. and H A Y  B.K. (1988). Skull development during anum metamorpho- 
sls. II. Role of thymid hormum in os-mis. Anat. €m&yd. 178: 219-227. 

HANKEN, J. a d  WAKE, D.6. (1 9W). Five newspedes d minute salamanders, genus 
Thmius (Caudata: plethodontldae), fm northern Oaxam, Me-. C W :  57& 
590. 

HANKEN, J., KLYMKOWSKY, M.W., SUMMERS, C.H., SEUFERT, D.W. and 
INGEBRIGTSEN, N. (1992). Canid ontogeny In the di rec tdmping  f ~ ,  

w. 7: 131-15Q. 
J. Anel. 12: 1 m247. 

SalamanderS. C m  741 -744. 

€&uthemdedylus coqrri (Anum Leptodeaylidae), analyzed uslng hie-mount 
irnrnunohiswchemlstry. J. Mophrd. 21 1: 95-1 18. 

HEDGES, S.0. and MAXSON, L.R. (1993). Amo!amlar perspectiueonlissamphiblan 
phykgeny. Wp3tol. Monogr. 7: 2742. 

HOUCK, L.O. (1 977). Ufe hlstory patterns and reproductive biology of n e o t w  
salamanders. In The R q M w  8- dAmphMms (E&. D.H. Taykr and 
S.I. Gumran). Plenum Press, New Ywk, pp. 43-72. 

HUGHES, A. (1068). The thyroid and the development of the n e w s  system in 
€-SiWh%%fW ' :aneqm!mwntalstudy. J. €m&wl. Exp. Mophd. 
16:4(11-430. 

HUGHES, A. and REIEA, P. (1972). A preliminafy study on me ewecEB of bovine 
pmlactin on embrps of E-s rimrdii. &n. C m .  En&%-d. IQ: 
304-312. 

JACOBS, G.F .M., MICHIELSEN, R.P.A. and KO", E.R. (1 W). Thyroxine and 
trlhbthyronine in plasma and thymi& of lhe neotenk and metemorphosed 
axolotl Ambystoma mexlcanum: influenm d TRH 1n)eckns. Gen. Comp. 
, E m .  HI: 145-151. 

JENNINGS, D.H. (1 W). Thyroid hormone medlation of em- development in a 
nowmetamorpho~ fmg, EkfLhedaCtyhrs coqui. J. M q ~ t d .  220: 359. 

JOCKUSCH, EL (lea4). The Bffeets of gemme size MI developmentel tlme In 
plethodontid salamanders. Am. ZM. 34: 93A. 

KEZER, J. (1 952). Thyroxin-induced metamorphosis of the neotenic salamanchs 
ELI- &n&s and E. nmi&MS. m: 234-237. 

KOBAYASHI, H. and GORBMAN, A. (I=). l3ymid function In Ar@thma. Gen. 
Camp. E n h ~ i r ~ d .  2: 278282. 

IARSEN, J.H. Jr. (I=). Ultrastructure of thyroid folliele calls of three salamanders 
(AmbpaWne. Aqhiumaand NechIru13) exhibiing varying degrees of neoteny. J. 
U w  Res. 24: 1 W209. 

LARSON, A. (1991). A molewlar perspective on he evolutlonafy relarmonship of the 
salamandertarnllks. In E ~ ~ r y B i o l O g y .  Vol. 20 (E&. M.K. HecM 8. W a l b  
and R.J. Maclniyre). Plenum Publ. Corp., New York, pp. 21 1-277. 

LARSON, A. and CHIPPINDALE, P. (1 093). Molecularappmachestotheevolulbnary 
blology of pleththodontid salamanders. Heplologrca 49: 204-215. 

LARSON, A. and DIMMICK, W.W. (1 993). Phylqenetk relationshipsof the Wmn- 
der families: an analysis of wngruence among morphological and molecular 
characters. Herpelol. Monogr. 7: n-93. 

LOMBARD, A.E. and WAKE, D.5. (1 977). Tongue evolutbn in the lungless salaman- 
ders, femity PleIhdontldae. II. Function and evolutionary diversity. J. Mopf'd. 
153: 3880. 

LOMBARD, R.E. and WAKE, D.B. (1 986). Tongue evolutbn in the l u n w  salaman- 
ders, family Plethodontidae. 1V. Phylogeny of pleththodontid 6alamandefs and the 
evolution of W n g  dynamics. Syst Zool. 35; 532-551. 

LYNN, W.G. (1 936). A study of Ww thymld In ern- of EleuMwodactylus nu&&. 
Anet. Flee. 66: 525-539. 

LYNN, W.G. (1 447). Theeffedsdthioumaandphenylthiourea upon thedevelopment 
of Plethd9i-I cinefeus. m. m. 93: 199. 

LYNN, W.G. (I M8). Theeffectsofthioureaandphenyllhlouma upon thedevelopment 
of ElerrMwodaW M. Bid. m. 94: 1-15, 

LYNN, W.G. and PEAWN, A.M. (1955). The role of the thymid gland In dlrect 
developmentin Manuran, €brrMedficiykmmHir#k8n&. G m h  19:283-285. 

MARKS, S.0. (1 994). aevelopment d the hyobranchial apparatus In Desmognethus 
m u s ,  a dlrect-dwbping salmannder. J. MapM. 220: 371. 

MARKS, S.B. and COLWO,  A. (1 aaS). Post-neurula development in a plethodontld 
salamander, -thus aeneus. Am. a. 2& 12A. 

MARKS, S.B., SHUBIN, N. and WAKE, D.B. (1992). Limb devel~pnent In the 
plethodPntld wlmmndargenus -hlrs: sepamhg hYp0lhene~ofan~a~- 
try, function, and life hlstofy. Am. Zod. ;M: 147k 

MORAN, N.A. (1 W). Adaptation and WRBtraint in the w m p h  Ilfe cycles of animals. 
Annu. Rev. Ed. SW. 25: 5736M). 

MORGAN, B.E., PASSMORE, N.I. and FABIAN, B.C. (1 Q M ) .  Metamorphosis in the 
frog AlthrolsptelYa W W I A n u r a ,  Ranidae) with emplwls on rmuro-admn 'ne 
mechanisms. In Allemelhg Uk-HiSdory Styf8s d Ai~kna/s (Ed. M.N. Bruton). 
Kluwer Acedemic PuMl&hers, Dordrecht, pp. 347-370. 

NISHIKAWA, K.C.. ROW, G. and D M ,  U. (lW). Motor neurons end mofor 
columns d the anterior splnal mrd of salamanders: posthatching development 



Evolution of direct development 869 

and phylqmatic d ibu t ion .  Brain Behav. E d .  37: 388-382. 
NOBLE, G.K. and MARSHALL, B.C. (1 929). The breedlng habits of two salamanders. 

Am. Mus.  Mod. 347: 1-1 2. 

NDBLE, Q.K. and RICHARDS, L.B. (1932). Expeciments on the egg-layirg of 
salamanders. Am. Mus. Nod. 513: 1-25. 

PIERSOL, W.H. (1908-09). The habits and larval state of P l e M  cir18mus 
ei-ylhrntus. Tram,Canad. Inst. 8: 489493. 

REILLY, S.M. (19#). Ontogeny of cranlal ossification In the eastern newt, 
N o t q M a h u s  viridemms (Caudafa: Salamandridae) and its relationship to 
tmtamorphcsis and neoteny. J. Morphol. 188: 31 5-328. 

REILLY, S.M. (1994). The emlaglcal mwphologl of rnetamorphosls: heterochrony 
and tb evolution of M l n g  medranlsms in salamanders. In Eco&h/llborphol. 
ogy: lntegraflve Organknal Bidohly (Ed$. P.C. Wainwright and S.M. Reilly). 
University d Chicago P-, Chbgo, pp. 319-338. 

RETTIG, G. and ROTH, G. (19aS). ReCwfugal projedim in salamanders of the 
family Plethodantidee. Cel, T i  RH. 243: 3853%. 

RIJU, F.M., MARK, M., LAKKARAIU, S., DIERICH, A,, DOLLE, P. and CHAMBON, 
P. {1993). A horneDtic transformation is generatd in the rostral branchial reglon 
of the head by disruption of Horn-2, which acts as a selector gene. C& 75: 1333- 
1349. 

ROSE, C.S. (l995a). Lntranspeclflc variation In ceratobranchial number In 
Hemideclyllum scutem (Amphibia: Plethodontidae): developmental and sya- 
-tic implications. C+& 1995: 228-232. 

ROSE, C.S. (1995b). Skeletal morphDgenenis In the urcdal skull: I. Wambrpnk 
development In the Hemidactylllnl (Amphibia: Plethodontidae). J. Mwhd 223; 
125-148. 

ROSE, C.S. (IQQSC). Skektal morphogenesis in the urndele skull: II .  Effed of 
developmental stage in TH-Induced remoddllng. J. m. 223: 149-166. 

ROSE, C.S. (1995d). Skeletal morphogemls in the Urodele skull: 111. Effed d 
hormone dosage in TH-indumd rmdaling. J. Mrphol. 223:243-261. 

ROSE, C.S. (1996). Urodele cranial ontogenies: W n m  Iw athymidactlvity-based 
m a l  of ph-netic diversification. J. ZM. (In press). 

ROTH, G. (1987). VI& BehavEorin S a h ~ m  Springer-Verlag, Berlin. 
ROTH, G. and SCHMIDT, A. (1BQ3). The nwous syatem of plethdontld salaman- 

ders: insight Into the interplay betweengenome, organism, W v i o r ,  and e-. 
kI-49: 185-194. 

ROTH, G. and WAKE, O.B. (1985). Trends in the functional rnorphokqy and 
Mnsorimotor m t r d  of feeding behavior in salamanders: an example of internal 
dynarniar in evolution. Acta BlOMeor. 34: 175-1 92. 

ROTH, G.. BLANK€, J. and WAKE, O.B. (1994). Cell size predlcts morphologlcal 
mmplexlly in the brains of f r q p  and salamanders. frm. MaJan. A&. Sd. USA 91: 
47964800. 

ROW, G., NISHIKAWA, K.C., NAUJOKS-MANTEUFFEL, C., SCHMIDT, A. and 
WAKE, D.B. (1 993). Paecbmorphoais and slmplllcation in the nervous system of 

SCHOCH, R.R. (1992). Comparative ontogeny of early Permian branchlwurid 
amphlbmns fmm southwestem Germany. Peleeontographica m: 43-83. 

SESSIONS, S.K. and K U E R ,  d. (1991). Evolub’onary cytogeneticsof boliiplmsine 
salamanders (famlly Plelhdontidae). In Amphbim QTogmdh and Eddm 
(Eds. D.M. Green and S.K. Sesslons). Acedemic P m ,  San D i w ,  pp. &t30. 

SHAFFER, H.B. (1993). Phylogenetlce of model organisms: the laboratory axolotl, 
Ambyslwna mwkw-tm. Syst. 8M. 42: 508-522. 

SHUBIN, N. (1995). The evolution of palred fins and the origin of tetrapod timbs: 
phylqwnetlc and transfomathnal approaches. Evd.8ioL 28: 3946. 

SHUBIN, N. and ALBERCH, P. (Ig86). A morphogenetic approach to the origin 
and basic organiratlon of the #trapod Ilmb. In Evolutionary Biotogy, Vol. 20 
(Eds. M. Hecht, B. Wallace and G.T. Prance). Plenum Press, New York, pp. 

SHUBIN, N. and WAKE, D.B. (1991). Implications of dimt development tor me 

SablmhrS. 8mln 8&8V. E d .  4 2  137-1 70. 

31 9-387. 

tetrapod limb Bauplan. Am. Zm! 31: BA. 

SHUBIN, N., WAKE, D.B. and CRAWFORD, A J .  (1995). Morphdoglcal variation In 
the limba of Taricha granubm (Cauda&: Salemandridee): evolutionary and 
phylogenetic implications. € w / u h  49: 876884. 

STEBBINS, A.C. (1951). Arrphibians of W m m  N d  Americe. Unlwrsity of 
C a l i i l a  Press, Berkeley. 

TATA, J.R. (1993). Gene~xprasslondunngmetamorphosls-anideal mDdelforpost- 
envbtyonic development. Bio€swys 15: 238248. 

TILLEY, S.andEERNARDO,J.I1993).Ufe historyevolutionin plathodurtklsalaman- 
des. HerpetdrrBrca ’ 48: 154-163. 

TOWNSEND, D.S. and STEWART, M.M. (1985). Direct development In 
€ l e u ! M c i y h  Eoqrrl(Anua: Leptodaclylidae): a staging table. w: && 
438. 

VIAL, J.L. (ISM). The emlogy of the tmppical salamander, 8 o N m  subphda, 
in Costa Rlca. Rev. BEol. T y .  15: 12-1 15. 

WAKE, D.B. (1966). Comparative osteology and evolution of !he lunglegs salaman- 
ders, femlly Whodontidae. Iwem. South. W. Acad. Sci. 4: 1-1 1 1. 

WAKE, 0.6. (1982). Functional and dewlopmental wnstraints and w r t u n l e s  in 
the evolution of feeding systems in u W l e s .  In € n W m m m / A - W  wd 
€volrrl(on(Eds. 0. Mossakowski and G. Roth). Gustav Fisher, SWtagart, pp. 51- 
68. 

WAKE, D.B. (1989). Phylogenetic impli l ions of onwnetkdata. GeoMos MerWre 

WAKE, D.8. (1 001). Homoplasy: the m u l t  d natural selection, or evidence of design 
Ilmitations. Am. Mat. 138: 543-567. 

WAKE, D.B. (1 992). An integratad approach to evoluknarj stud188 of salamanders. 
In Herpew:  C U M  Mseatch on the 6 d q y  dAmphWms and R-. 
Pmemkpsofthe First W M ~ o f h ~ t d ~ { I Z d .  K. Adler). Wietyfor 
the Study of Amphlbians and Reptiles, owford (OH), pp. 163-177. 

WAKE, D.B. (lQS3a). Phylogenetic and taxmunic issues relatlngto selamanders of 
me family Plethdontidae. H e r p e w  49: 229-23’. 

WAKE, D.B. (1993b). Brainstem organlzation and branchiomerk nerves. A c t a h t .  

WAKE, D.B. and LARSON. A. (1987). Multidimensional analysis of an evolving 
Ilneage. SMme 238: 4248. 

WAKE, D.5. and MARKS, S.B. (1993). Development and ewlution of plethodontld 
salamanders: a review of prior studies and a prospsdus for future research. 

WAKE, D.B. and ROTH, G. (1 989). The linkage b e h e n  ontogeny and phyloseny in 
the evolutim of complex systems. In complaw Organtsmal FrmcNOns: lntegratlon 
and Ewlution in V e r t e h M s  (E&. D.6. Wake and G. John Roth). Wiley i3 Sons 
Ltd., Chichester, pp ,361-3i7. 

WAKE, D.B. and SHUBIN, N. (1984). Urodele limb development in relation to 
phylogeny mnd llfa history. J. Morpho+. 2201 407-8. 

WAKE,D.B., NISHIKAWA, K.C.,DICKE, U.and ROTH, G.{lBga).Organlzationofthe 
motor nuclei inthe 0eMcal spinal cordof salamanders. J. Camp. Fleurm. 278: 195- 
208. 

WAKE, M.H. (I=). Phylogenesisof dire3 devebprnentand viviparily In vertebmtes. 
In Cwnplaxorgrni6ine/Funct&mIt?wQmthandEvohnionin Verlebmtes(Eds. 
D.6. Wake and G. John Roth). John Wlley b Sans, Ltd., Chichester, pp. 235-250. 

WASSEASUG, R.J. and DUELLMAN, W.E. (I@%). Oral structures and their devel- 
opment in egg-bmoding hylMfmg embtym and larvae: evolutionary and eoologi- 
mI implications. J. Mmphol. 182: 1-37. 

WASSERSUG, R.J. and HOFF, K. (1982). Developmental changesln theorlsnhhn 
of the anuran jaw suspenslon. In €w/uMnafy8io@1y, Vol. 15. (E&. M.K. HecM, 
B. Wallace and G.T Prance). Plenum Publ. Cop, New Yo&, pp. 223.246. 

WIGGERS, W. and ROW, G. (1991). Anatomy, neurophysiDlogy and functional 
aspects of the nucleus isthml in salamanders of the family Plethodonlidse. J. 
Comp. PhySEol. A 1BB: 1 6 5 1  76. 

YEATMAN, H.C. (1967). Artificially metamrphosed neOtenlc CBW salamanders, J. 

no. 12: 369-378. 

I& 124-1 31. 

#e~tob&3 49: 194-203. 

Tw. Aced. sd. 42: 16-22. 




