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Abstract—Phylogenetic relationships were reconstructed for salamanders of the plethodontid sub-
family Desmognathinae to examine evolution of morphology, ecology, and life history. Mitochon-
drial DNA sequences encoding 125 and 168 ribosomal RNA and the valine transfer RNA provided
259 phylogenetically informative sites from approximately 1,200 nucleotide positions for 21 spec-
imens representing 15 species and subspecies. These data were analyzed in conjunction with 13
morphological and reproductive characters to generate phylogenetic hypotheses. The directly de-
veloping terrestrial desmognathines Phaeognathus hubrichti and Desmognathus wrighti represent,
respectively, the first and second phylogenetic branching events within the subfamily, and the
remaining terrestrial lineage, D. aeneus, also branches near the base of the phylogenetic tree. These
results challenge earlier hypotheses that within Desmognathus the small nonmetamorphosing spe-
cies, D. aeneus and D. wrighti, represent the end of a graded phylogenetic decrease in size and
decrease in use of aquatic habitats. In contrast to previous hypotheses, our results suggest that
desmognathine evolution includes transformations in the direction of larger body sizes, lengthened
larval periods, and greater use of aquatic habitats. [Desmognathinae; ecology; life history; mito-

chondrial DNA; molecular phylogenetics; ribosomal DNA; salamanders.]

Evaluating the causal basis of character
evolution requires knowledge of ecology,
functional morphology, and phylogeny
(Brooks, 1985; Mayden, 1987; Brooks and
McLennan, 1991; Gorman, 1992; Losos,
1992). Studies of ecology and functional
morphology reveal the contributions of
characters to organismal survival and re-
ﬁroduction, and phylogenies provide the

istorical framework needed to examine a
character’s evolutionary origin and trans-
formation. This information permits test-
ing of hypotheses of adaptation (Baum and
Larson, 1991; Larson and Losos, 1996).

Desmognathine salamanders of the fam-
ily Plethodontidae constitute. a small evo-
lutionary radiation (15 recognized species
and subspecies) in the aquatic and terres-
trial communities of eastern North Amer-
ican forests (Tilley and Bernardo, 1993).
Desmognathine communities in the south-
ern Appalachian Mountains commonly
contain three to five and as many as seven

4 Present address.

species (Bruce, 1991). These communities
exhibit considerable ecological structure,
primarily along an aquatic-to-terrestrial
gradient. The position of each species
along this gradient has important corre-
lates in morphology and life history (re-
viewed by Tilley and Bernardo, 1993). The
most aquatic species have the largest body
size, a pronounced tail fin, a larval period
of =2 years, and large clutches of eggs.
Terrestrial species have the smallest body
size, no tail fin, no aquatic larval stage, and
small clutches. Species inhabiting edges of
streams and seepages are intermediate for
all of these characteristics.

A semiaquatic habitat generally has
been considered ancestral and a terrestrial
habitat has been considered derived for
desmognathines. This hypothesis can be
traced to the proposal of Wilder and Dunn
(1920) that lunglessness in plethodontids
arose as an adaptation for minimizing
stream drift in mountain brook habitats.
Dunn (1917, 1926) proposed that the an-
cestral desmognathine occupied a semi-
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aquatic habitat similar to that of the largest
species, Desmognathus quadramaculatus. He
suggested that from this common ancestor
evolution proceeded in two different direc-
tions. One lineage included the remaining
species of Desmognathus known at that time
(D. “phoca” = D. monticola, D. fuscus, D. au-
riculatus, D. brimleyorum, and D. ochro-
phaeus) and followed an evolutionary pro-
gression toward increased terrestriality.
The other lineage included only the entire-
ly aquatic Leurognathus marmoratus and was
characterized by evolution toward in-
creased use of aquatic habitats. The tiny
terrestrial species, D. wrighti and D. aeneus,
were subsequently described (King, 1936;
Brown and Bishop, 1947) and later hypoth-
esized to represent the culmination of evo-
lution toward terrestriality in Desmogna-
thus, with the other extant species
illustrating intermediate conditions (Or-
gan, 1961b).

The structuring of desmognathine com-
munities and its causal basis have been
studied intensively (reviewed by Hairston,
1987). Hairston (1949) first postulated that
the observed community structure is
maintained by competition. This hypothe-
sis appeared to gain support from some
subsequent studies (e.g., Organ, 196la;
Means, 1975; Krzysik, 1979). However, Til-
ley (1968) suggested that size differences
among species arose initially in allopatry,
with predation driving smaller species into
increasingly terrestrial habitats following
secondary geographic contact among spe-
cies. Hairston (1986) then showed experi-
mentally that predation is the dominant
factor structuring desmognathine commu-
nities, with competition between larger
species being a secondary factor, a conclu-
sion that has been supported by additional
experiments (e.g., Southerland, 1986a,
.1986b; Roudebush and Taylor, 1987).

Study of desmognathine communities
can contribute to our understanding of the
evolution of life history traits. In a com-
munity of five desmognathine taxa, Organ
(1961b) found that with increased terres-
triality there was a concomitant decrease
in body size, fecundity, and length of the
larval period and an increase in survivor-

ship, culminating in direct development
and miniaturization. He interpreted these
trends as adaptive responses for reducing
mortality associated with predation in
aquatic environments. Tilley (1968) also
documented a strong positive correlation
between body size and fecundity. Smaller
size may result from earlier maturation or
lower rates of growth in larvae and juve-
niles (Tilley, 1974, 1977; Bruce, 1988, 1989,
1990).

Community structure is hypothesized to
generate selective regimes that drive the
evolution of body size and length of the
larval period. Predation may select for ear-
lier maturation, with small body size being
an indirect outcome (Bruce, 1990). How-
ever, there are problems in applying the
predation/competition model to evolution
of desmognathine body size; predation on
larvae and juveniles would select for ear-
lier maturation, but the concomitant re-
duction in body size would make the
adults more vulnerable to predation
(Bruce, 1990). If predation by aquatic con-
geners has selected for decreased larval pe-
riod and body size, the predicted phylo-
genetic pattern is a transformation in the
direction of decreasing size and length of
larval period that has occurred within an
aquatic adaptive zone.

Evolutionary interpretations of data on
community structure and life history evo-
lution invoked the hypothesis that the evo-
lution of terrestriality within the genus
Desmognathus proceeded in an ordered
transformation series, the primitive condi-
tion being the semiaquatic state exhibited
by the large D. quadramaculatus, and the
most derived condition being the most ter-
restrial state as seen in the smallest spe-
cies, D. aeneus and D. wrighti. This hypoth-
esis predicts a phylogenetic tree
compatible with ordered character changes
leading toward increased terrestriality
(Fig. 1). Likewise, the hypothesis of an
aquatic-to-terrestrial assembly of desmog-
nathine communities predicts that phylo-
genetic mapping will reveal an ordered
transformation representing evolutionary
occupation of increasingly terrestrial hab-
itats.
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FIGURE 1. Character state tree representing an ordered transformation series from primitively semiaquatic
to increasingly derived terrestrial and aquatic species and a partially resolved cladogram of the Desmognathi-
nae (excluding Phaeognathus) congruent with the character state tree. D. = Desmognathus; L. = Leurognathus.

Despite the phylogenetic predictions
made by these adaptive hypotheses of des-
mognathine evolution, no explicit phylo-
genetic hypothesis has been proposed for
the Desmognathinae. DNA sequences offer
a potentially large set of characters for
phylogenetic reconstruction in morpholog-
ically problematic groups such as pletho-
dontid salamanders (Larson and Chippin-
dale, 1993). We used mitochondrial DNA
(mtDNA) sequences encoding the 12S and
16S ribosomal RNA (rDNA) and the valine
transfer RNA (tDNA,,, ) to generate a phy-
logenetic hypothesis for the Desmognathi-
nae. This phylogeny was then used to test
various hypotheses of desmognathine evo-
lution and the monophyly of desmogna-
thine taxa.

MATERIALS AND METHODS

Specimens examined for the analysis of
mtDNA sequences, locality data, and
voucher numbers are listed in Table 1. All
desmognathine species were represented
by at least one individual in the molecular
analyses. Eurycea wilderae was chosen as a
representative of the first outgroup be-
cause it is within the plethodontid subfam-
ily Plethodontinae, the sister taxon to the
Desmognathinae (Lombard and Wake,
1986). Plethodontids have no obvious sis-
ter group among the remaining salaman-
der families, but the other families having
internal fertilization (including the Sala-
mandridae) appear more closely related to
the Plethodontidae than those having ex-
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TABLE 1. Identity, locality data, and voucher numbers for salamander specimens examined in the analysis
of mtDNA sequences. KU = Museum of Natural History, University of Kansas; MVZ-FC = Museum of Ver-
tebrate Zoology Frozen Tissue Collection, University of California—Berkeley.

Species Locality Voucher no.
Desmognathus aeneus Macon Co., North Carolina KU 218959
D. apalachicolae Barbour Co., Alabama KU 218963
D. auriculatus North Carolina MVZ-FA 13580
D. brimleyorum Montgomery Co., Arkansas KU 218982
D. fuscus conanti Walker Co., Georgia KU 219023
(=Georgia D. f. conanti)

D. f. conanti Lyon Co., Kentucky KU 218690
(=Kentucky D. f. conanti)

D. f. fuscus McDowell Co., North Carolina KU 219012
(=North Carolina D. f. fuscus)

D. f. fuscus Orleans Co., Vermont KU 211348
(=Vermont D. f. fuscus)

D. imitator Swain Co., North Carolina KU 219042

D. monticola Macon Co., North Carolina KU 219087

D. ochrophaeus Washington Co., Virginia KU 219159
(=Virginia D. ochrophaeus)

D. ochrophaeus Macon Co., North Carolina . KU 219140
(=North Carolina D. ochrophaeus)

D. ochrophaeus Nottingham City, Pennsylvania KU 219161
(=Pennsylvania D. ochrophaeus)

D. quadramaculatus Avery Co., North Carolina KU 219187
(=Northern D. quadramaculatus)

D. quadramaculatus Macon Co., North Carolina KU 219186
(=Southern D. quadramaculatus)

D. santeetlah Swain Co., North Carolina KU 219206

D. welteri Harlan Co., Kentucky KU 219238

D. wrighti Haywood Co., North Carolina KU 219241

Leurognathus marmoratus Watauga Co., North Carolina KU 219255
(=Northern L. marmoratus)

Leurognathus marmoratus Macon Co., North Carolina KU 219251
(=Southern L. marmoratus)

Phaeognathus hubrichti Butler Co., Alabama MVZ-FC 13612

Eurycea wilderae Macon Co., North Carolina no voucher

Notophthalmus viridescens Macon Co., North Carolina KU 219309

ternal fertilization (Larson and Dimmick,
1993). Notophthalmus viridescens (Salaman-
dridae) was chosen as a relatively distant
outgroup to the desmognathines.
Genomic DNA was extracted following
standard methods (Hillis et al., 1996). A
1.8-kb segment including portions of the
12S and 16S rDNA and the tDNA,; was
amplified from genomic DNA using the
polymerase chain reaction (PCR). Base se-
quences and relative locations of primers
used for amplification and sequencing of
DNA are presented in Table 2 and Figure
2. The amplification profile entailed dena-
turation at 94°C for 30 sec, annealing at
55°C for 35 sec, and extension at 70°C for
150 sec, with 4 sec added to the extension

time per cycle, for 30 cycles. The amplified
products were electrophoresed in 2.5%
Nusieve GTG agarose and reamplified un-
der identical conditions. This second dou-
ble-stranded product was electrophoresed
on a 2.5% acrylamide gel (Maniatis et al.,
1982), and the DNA was recovered by elec-
troelution and ethanol precipitation. The
purified product was suspended in 7 ul of
distilled H,O, 1 pl of a 2 pmol/pl concen-
tration of sequencing primer, and 2 pl of
Sequenase reaction buffer, heated to 95°C
for 5 min, and immediately cooled in ice
for at least 10 min. Sequencing followed
the protocols of Hillis et al. (1996).

An approximate sequence alignment
was made using the program CLUSTAL
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TaBLE 2. Composition of primers used for amplification and sequencing of salamander mtDNA. Primer
designations correspond to those used in Figure 2. Position is the most 3’ base in the numbered Xenopus

sequence (Roe et al., 1985).

Primer Sequence (5' — 3') Strand Position Reference
A GGGTTGGTAAATCTCGTGC light 2307 Titus, 1992
B AAACTGGGATTAGATACCCCACTA light 2508 Kocher et al., 1989
C TAGAGCACCGCCAAGTCCTTTG heavy 2576 Titus, 1992
D GTCAGGTCAAGGTGTAGCAAT light 2758 Titus, 1992
E AGGAGGGTGACGGGCGGTGTGT heavy 2897 Kocher et al., 1989
F TAAAGCATTTTGCTTACACC light 3059 Titus, 1992
G AGGTTTTCTGTCGCCCTTAC heavy 3174 Titus, 1992
H GCATAATAATCTAGCCAG light 3307 Titus, 1992
I GGTGGCTCGTTGAAGGGC heavy 3626 Titus, 1992
J AGATAGAAACCGACCTGGAT heavy 4577 Titus, 1992

(Higgins and Sharp, 1988, 1989). Use of
secondary structural models in the align-
ment of rRNA and tRNA genes can in-
crease alignment and phylogenetic accu-
racy (Kjer, 1995; Titus and Frost, 1996).
Therefore, alignments were adjusted man-
ually to maintain length-invariant stem
regions according the structural models
for 12S rRNA (Van de Peer et al, 1994),
tRNA,,, (Kumazawa and Nishida, 1993),
and 165 rRNA (Gutell and Fox, 1988).
Regions of uncertain alignment were ex-
cluded from phylogenetic analyses (Swof-
ford and Olsen, 1990). Gaps spanning
more than one nucleotide position were
scored as a single character in phylogenetic
analyses. Divergences among paired se-
quences were calculated following Mindell
and Honeycutt (1990). A complete se-
quence alignment is available from the

Systematic Biology World Wide Web site
(http:/ / www.utexas.edu/ depts / systbiol / ).
GenBank accession numbers are U71221-
43.

Thirteen nonmolecular characters relat-
ed to osteology and reproduction were in-
cluded in some analyses (Appendix, Table
3). Among major lineages of plethodon-
tids, the few morphological taxonomic
characters appear highly variable and ho-
moplastic (Wake, 1966, 1991; Larson, 1984;
Wake and Larson, 1987). Consequently,
phylogenetic relationships among major
plethodontid lineages are not well re-
solved (Lombard and Wake, 1986; Presch,
1989; Wake, 1993). Nonmolecular charac-
ters therefore were studied only in the des-
mognathine taxa. Because all analyses of
the molecular data strongly supported
Phaeognathus hubrichti and D. wrighti as the
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FIGURE 2. Primer locations for PCR and sequencing. ll = primers used for both PCR and sequencing; 0 =
primers used for sequencing only. Letter designations for primers correspond to those in Table 2.
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TaBLE 3. Data matrix for 13 morphological char-
acters of desmognathine salamander. Question marks
denote unknown character states.

Characters

1111

Taxon 1234567890123
Phaeognathus hubrichti 0200000000200
Desmognathus wrighti 0001011010010
Leurognathus marmoratus S 0010010001101
L. marmoratus N 0110010001101
D. quadramaculatus S 0011002111000
D. quadramaculatus N 0011002111000
D. aeneus 0001011010110
D. ochrophaeus Virginia 1101011222210
D. ochrophaeus Pennsylvania 1101011222210
D. ochrophaeus North Carolina 1101011222210
D. imitator 1121012222710
D. apalachicolae 1121011110110
D. monticola 0211000100110
D. auriculatus 0122011110110
D. santeetlah 0101011110110
D. f. conanti Georgia 0101011110110
D. f. conanti Kentucky 0101011110110
D. f. fuscus North Carolina 0101111010110
D. f. fuscus Vermont 0101111010110
D. brimleyorum 0121110100110
D. welteri 0101110100110

two most basal lineages within the Des-
mognathinae, they were used as functional
outgroups (Watrous and Wheeler, 1981) for
analyses incorporating nonmolecular char-
acters.

Two parsimony analyses were per-
formed using PAUP 3.0s (Swofford, 1991).
The first used only the nucleotide sequence
data with regions of ambiguous alignment
removed and all substitutions and gaps
equally weighted. The second used a com-
bination of the unambiguously aligned nu-
cleotide sites and the 13 morphological
and reproductive characters, witlrzl all char-
acters weighted equally and unordered.
Heuristic searches were performed using
20 replications with random additions of
taxa. In all analyses, Notophthalmus virides-
cens was designated the outgroup. The
most-parsimonious cladograms obtained
using the combined analysis of mtDNA se-
quences and nonmolecular characters were
compared with previously proposed hy-
potheses and current taxonomies by incor-
porating a constraint tree congruent with
the hypothesis in question and performing

a PAUP analysis to find the most-parsi-
monious cladogram given this topological
constraint. The resultant tree was then
compared with the most-parsimonious
tree(s) using the Wilcoxon rank sum test
following Templeton (1983), except that
probability values for the more conserva-
tive two-tailed test were used (Felsenstein,
1985). This test is appropriate for simulta-
neous analysis of diverse data sets (Larson,
1994). Significance of results was evaluated
using the critical values of Rohlf and Sokal
(1981:191) and modifications therein for n
> 50.

Maximum likelihood estimates of se-
quence divergence were calculated under
two models, one assuming that transitions
are twice as likely as transversions and the
other assuming that transitions are 10
times more likely than transversions, using
PHYLIP version 3.4 (Felsenstein, 1989).
Numbers of transitions and transversions
for all pairwise comparisons were plotted
against estimated sequence divergence un-
der the two models. Widespread saturation
(substitutions extensively superimposed at
the same molecular site) should be evident
when the number of substitutions no lon-
ger increases as a function of increasing se-
quence divergence.

Species were coded with respect to se-
lective regime and length of the larval pe-
riod using discrete categories. These cate-
gories were mapped a posteriori as
characters on the trees resulting from the
simultaneous analysis of molecular and
nonmolecular characters. A summary of
the data and sources used to construct
these categories is provided in Table 4.
Three categories of larval period were rec-
ognized: absence of a larval period (direct
development), metamorphosis at <1 year,
and metamorphosis after =2 years. Six
adaptive zones and associated selective re-
gimes were recognized based on modal
habitats occupied by each species: aquatic,
semiaquatic, stream edge, seepage, swamp
edge, and forest floor. A large amount of
variation exists within some species for
some or all of these categories, and this
coding is therefore an approximation.
However, previous evolutionary hypothe-
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TaBLE 4. Characterization of length of the larval period, body size, and adaptive zone for 16 desmognathine
species and populations (capital letters correspond to references?).

Species Larval period (months) Body size® (mm) Adaptive zone
Phaeognathus hubrichti direct development (T) 101<(C) burrowing (C)
Leurognathus marmoratus 35(T) 64 (I) aquatic (D, E, J)
Desmognathus aeneus direct development (T) 25.1 (B) terrestrial (J)

D. apalachicolae 9(T) 42.7 (M) seep (M)

D. auriculatus ca. 12 (L) 48.5° (M) swamp edge (L)
D. brimleyorum’ 9-12 (T) 70.7 (W) stream edge (D)
D. fuscus conanti <12 (T) 494 (Q) seep (R)

D. f. fuscus 7-12(T) 46°(A) stream edge (P, V)
D. imitator unknown 374 (W) seep (S)

D. monticola 9.5-12.5 (T) 57.7 (N) stream edge (E, P)
D. ochrophaeus (PA, VA) 4-6 (T) 35.7 (W) seep (A, O)

D. ochrophaeus (NC) 9-10(T) 34.2 (K) seep (E, K) .
D. quadramaculatus 3548 (T) 65.0 (W) semiaquatic (E, O)
D. santeetlah <12(T) 38 (R) seep (R)

D. welteri 24 (T) 62.0 (W) stream edge (W)
D. wrighti direct development (T) 19 (H) terrestrial (E, O, P)

2 A = Bishop, 1941; B = Bishop and Valentine, 1950; C = Brandon, 1965; D = Dunn, 1926; E = Hairston, 1949; F = Hairston,
1984; G = Juterbock, 1984; H = King, 1936; I = Martof, 1956; ] = Martof, 1962; K = Martof and Rose, 1963; L = J. Harrison,
pers. comm.; M = Means and Karlin, 1989; N = Means and Longden, 1970; O = Organ, 1961a; P = Organ, 1961b; Q =
Rossman, 1958; R = Tilley, 1981; S = Tilley, 1985; T = Tilley and Bernardo, 1993; U = Valentine, 1963; V = Wilder, 1913; W

= this study.
b Mean adult snout-vent length.
< Estimated value.

ses for desmognathines have implicitly
used these discrete categories in their ex-
planations, and our character analysis is
therefore justified in a phylogenetic test of
those hypotheses. Semiaquatic in our cod-
ing scheme refers to occupation of com-
pletely saturated substrates along stream
edges by D. quadramaculatus (Hairston,
1949; Organ, 1961a). This definition differs
from that used in previous studies, in
which semiaquatic generally refers to all
but the most completely aquatic desmog-
nathines and the most terrestrial one, P hu-
brichti.

Average snout-vent lengths (SVL) of
sexually mature adults (Table 4) were op-
timized as a continuous variable on the
most-parsimonious trees from the com-
bined analysis using linear and
squared-change parsimony options in
MacClade, version 3.0 (Maddison and
Maddison, 1992). When measurements
were available in the literature for more
than one population and/or males and fe-
males (e.g., Martof and Rose, 1963; Means
and Karlin, 1989), measurements were
pooled into a grand mean. In some cases,
mean values and/or raw data were not

provided, and average values were esti-
mated from the available information.
Mean SVL was calculated for the following
species based upon measurements from
preserved specimens in the University of
Kansas Museum of Natural History (Titus,
1992): D. brimleyorum, Polk Co., Arkansas
(15 males, 6 females); D. imitator, Swain
Co., North Carolina (14 males, 6 females);
Pennsylvania D. ochrophaeus, Armstrong
Co., Pennsylvania (17 males, 8 females); D.
quadramaculatus, Macon Co., North Caroli-
na (13 males, 6 females);, and D. welteri,
Harlan Co., Kentucky (12 males, 6 fe-
males).

Choosing among equally parsimonious
reconstructions of characters often requires
assumptions about the evolutionary pro-
cess (Swofford and Maddison, 1992). In the
a posteriori mapping of changes in length
of the larval period and selective regime,
we did not order the transformation series
but did assume that changes between char-
acter states adjacent to one another in
these transformation series are more likely
than changes between nonadjacent states.
Therefore, although we did not impose or-
dering on the character mapping, we did
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FIGURE 3. Transitions (M) and transversions (@)
in desmognathine sequences plotted as a function of
corrected sequence divergence using a maximum like-
lihood model under which transitions are 10 times
more frequent than transversions.

prefer optimizations that minimized unor-
dered transformations.

RESULTS
Aligned Sequences

Alignment of sequences produced 1,204
nucleotide positions. Of the sites included
in the phylogenetic analysis, 494 positions
were variable and 259 positions were phy-
logenetically informative using the criteri-
on of parsimony. The largest uncorrected
divergence between paired sequences was
25.8% (Notophthalmus viridescens—Eurycea
wilderae). Divergence among desmogna-
thine species ranged from 13.4% (P hu-
brichti-D. wrighti) to 1.9% (northern D.
quadramaculatus—northern L. marmoratus).
The smallest amount of divergence was
1.1%, which was between the two D. fuscus
conanti sequences from animals separated
by approximately 500 km.

Transitions and transversions increased
in number with increasing sequence diver-
gence under both maximum likelihood
models (Fig. 3) and continued to increase
at the highest levels of sequence diver-
gence. This suggests that neither class of
substitutions has been affected by wide-
spread saturation.

Phylogenetic Analyses

Phylogenetic analysis using only the nu-
cleotide sequences produced three equally
most-parsimonious trees of 1,126 steps,
with a consistency index for informative
characters (CI) of 0.476 and a retention in-
dex (RI) of 0.444. The majority rule con-
sensus of these three alternatives is illus-
trated in Figure 4. Two of the three trees
supported North Carolina D. f fuscus as
the sister of D. monticola + D. apalachicolae
and D. brimleyorum as the sister of all of
these. Branch lengths for one of the mt-
DNA trees are illustrated in Figure 5. Boot-
strap analysis indicates strong support
(presence of a node in >70% of 1,000 pseu-
doreplicates) for eight branches on this
tree, including those supporting the mono-
phyly of the Desmognathinae, the genus
Phaeognathus as the sister taxon to all other
members of the subfamily, and the pygmy
species D. wrighti as the sister lineage to
the remaining taxa. Monophyly of D. och-
rophaeus sequences from Virginia and
Pennsylvania was strongly supported, but
no tree placed all three D. ochrophaeus se-
quences together. Likewise, there was
strong support for the monophyly of the
Vermont D. f. fuscus and D. auriculatus se-
quences, but no tree supported monophyly
of the two D. f fuscus sequences. Mono-
phyly of the D. f. conanti sequences and
their sister-group relationship to D. santeet-
lah was well supported.

The combined analysis of mtDNA se-
quences and nonmolecular characters pro-
duced four equally most-parsimonious
trees of 1,167 steps (CI = 0470, RI =
0.443). The majority rule consensus tree is
illustrated in Figure 6. Three of the four
trees favored a sister-group relationship
between D. apalachicolae and D. monticola
and between Virginia + Pennsylvania D.
ochrophaeus and D. auriculatus + Vermont
D. f fuscus. Branch lengths for one of the
combined trees are illustrated in Figure 7.
All four trees agreed in supporting D. ae-
neus as the sister taxon to all other species
exclusive of P hubrichti and D. wrighti. In
all trees, the next lineage to diverge con-
tained D. quadramaculatus and L. marmora-
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FIGURE 4. Majority rule consensus tree for desmognathines plus outgroups derived from three equally most-

parsimonious trees based on mtDNA sequences only.

tus, within which the two L. marmoratus se-
quences formed a clade. None of the four
trées supported monophyly of the D. qua-
dramaculatus, D. ochrophaeus, D. fuscus, or D.
f. fuscus sequences. Simultaneous analysis
of molecules and morphology did not pro-
vide robust support for many branches of
the desmognathine tree. Of the four trees
derived from the simultaneous analysis of
molecular and morphological data, only
the one shown in Figure 7 provides the
most-parsimonious optimization for larval
period and selective regime; it is herein-
after referred to as the preferred tree.

Testing Evolutionary Hypotheses

Optimizations of larval period, selective
regime, and body size on the preferred
tree are illustrated in Figure 8. Optimiza-
tion of selective regime required seven
changes; homoplasy was the result of
switching between the relatively similar
seep and stream edge regimes. Of the

equally parsimonious reconstructions, we
preferred ACCTRAN (Farris, 1970) opti-
mization because it required the fewest
changes (one) between nonadjacent states
of this transformation series. Three steps
were required to accommodate evolution-
ary changes in larval period. All inferred
changes represent acquisition or lengthen-
ing of the larval stage.

Changes in body size (SVL) were opti-
mized on the preferred tree using linear
and squared-change parsimony. For linear
parsimony, both maximum and minimum
values for ancestral nodes were obtained.
Results of these optimizations were in-
spected to find branches that are inferred
to show large changes (>7 mm) in body
size using all three optimizations (squared
change, linear minimum, linear maxi-
mum). Lineages for which large increases
in body size are inferred on all optimiza-
tions include those immediately ancestral
to D. welteri (9-16 mm), D. monticola (7-12
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FIGURE 5. One of three equally most-parsimonious trees for desmognathines plus outgroups based on
mtDNA sequences only. Numbers below each branch are minimum and maximum number of character
changes. Number above each branch is the bootstrap value based on 1,000 pseudoreplications. Branches without
bootstrap values did not appear in the resampling analysis.

mm), D. brimleyorum (13-24 mm), and P
hubrichti (47-75 mm) and the common an-
cestor of D. quadramaculatus and L. mar-
moratus (9-28 mm). Decreases in body size
are inferred for lineages ancestral to D.
wrighti (6-35 mm), D. santeetlah (7-11 mm),
D. apalachicolae (3-8 mm), D. ochrophaeus
from North Carolina (3-6 mm), and the re-
maining D. ochrophaeus (2-10 mm). Results
of the different optimizations are ambigu-
ous regarding evolutionary decrease in
size on the lineage ancestral to D. aeneus
(0-22 mm).

Alternative hypotheses of desmognathine
phylogeny were tested against the pre-
ferred tree using the Wilcoxon rank sum
test to ask whether these alternatives are
significantly less parsimonious than the
shortest trees (Templeton, 1983). The mo-
lecular and morphological characters were
used together for these tests. A maximally

parsimonious tree congruent with the or-
dered character state tree in Figure 1 rep-
resenting aquatic-to-terrestrial evolution
(Fig. 9) required a minimum of 28 addi-
tional steps and was significantly longer
than the preferred tree (n = 57, t, = 3.1,
0.01 < P < 0.001). Monophyly of the di-
rectly developing pygmy species, D. wrigh-
ti and D. aeneus, required a minimum of 13
additional steps, and this tree was not sig-
nificantly longer than the preferred tree (1
= 50, T = 475, P > 0.1). Placing the genus
Leurognathus as the sister taxon to Desmog-
nathus, thus making Desmognathus mono-
phyletic, added 25 steps and was signifi-
cantly less parsimonious than the
preferred tree (n = 59, t, = 3.47, P < 0.001).
Making D. fuscus monophyletic by placing
the D. f. fuscus and D. f. conanti sequences
together as monophyletic sister. groups re-
quired 17 additional steps, and this tree
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FIGURE 6. Majority rule consensus tree for desmognathines plus outgroups derived from four equally most-
parsimonious trees based on simultaneous analysis of molecular and nonmolecular characters.

was not significantly less parsimonious
than the preferred tree (n = 60, t, = 1.6,
0.2 < P < 0.1). Monophyly of the two D. f.
fuscus sequences required 12 additional
steps, and this tree was not significantly
less parsimonious than the preferred tree
(n =37, T = 2495, P > 0.1). Monophyly
of the two D. quadramaculatus sequences re-
quired 15 additional steps, and this tree
was not significantly less parsimonious
than the preferred tree (n = 47, T = 400.5,
0.1 < P < 0.5). Monophyly of the three D.
ochrophaeus sequences required only two
additional steps, and this tree was not sig-
nificantly less parsimonious than the pre-
ferred tree (n = 23, T = 1265, P > 0.1).
Grouping L. marmoratus and species of
Desmognathus that have large body size (D.
brimleyorum, D. auriculatus, D. monticola, D.
quadramaculatus, D. welteri) required 10 ex-
tra steps, and this tree was not significant-
ly longer than the preferred tree (n = 46,
T = 431.5, P > 0.1). The hypothesis that

the small desmognathines, D. aeneus, D.
apalachicolae, D. ochrophaeus, and D. san-
teetlah, form a monophyletic group was
significantly rejected (19 extra steps, n =
51, t, = 2.14, 0.05 > P > 0.02).

The results indicate paraphyly for the
genus Desmognathus because Leurognathus
forms a clade with D. quadramaculatus and
the cost to the most-parsimonious tree of
placing Leurognathus outside a clade con-
taining all species of Desmognathus is sig-
nificant. A close relationship between Leu-
rognathus and D. quadramaculatus has been
suggested (Dunn, 1926; Noble, 1927; Mar-
tof, 1962; Wake, 1966; Hinderstein, 1971b),
although this hypothesis was never framed
in an explicitly phylogenetic context. Our
analyses demonstrate that these taxa share
derived attributes of morphology and life
history, including extreme reduction of the
cloacal tube in females and a larval period
of 34 years. To eliminate confusion by the
taxonomic implication that these features



462

SYSTEMATIC BIOLOGY

VOL. 45

137194 Notophthalmus

99152 Eurycea

98

7187 Phaeognathus

27-75

se83 L. wrighti

97
18-59

97
18-45

3450 D. aeneus

612 2434 L. marmoratus S
8-13

100 a7s_ L. marmoratus N

17-34

65

517 D. quadramaculatus N

aa47 D. quadramaculatus S

11-19

5-18

27.38 D- imitator

25
5-14

25

P D. ochrophaeus NC
100_[7omg" D ochrophaeus VA

6-16

17

18-25 |—11—_1—5—D. ochrophaeus PA

90 [7azs D- auriculatus

3-16

10-14 Hﬁa—D‘ f. fuscus VT
WD' brimleyorum

3-10

Preferred Tree

77 %OE-D. welteri

D. apalachicolae

38 [2227
3-10 25 g
4-10

D. monticola
D. f. fuscus NC
D. santeetlah

23-29

18-24

1-6

86 16-17

8-9 _&ED. f. conanti GA
2122 L——D. f, conanti KY

FIGURE 7. One of four equally most-parsimonious trees for desmognathines plus outgroups based on si-
multaneous analysis of the molecular and nonmolecular data. Numbers below each branch are minimum and
maximum numbers of character changes. Number above each branch is the bootstrap value based on 1,000
pseudoreplications. Branches without bootstrap values did not appear in the resampling analysis.

arose independently in Leurognathus and D.
quadramaculatus, we consider the monotyp-
ic Leurognathus Moore, 1899 a junior syn-
onym of Desmognathus Baird, 1849 (new
combination).

The cost to parsimony of placing the D.
f fuscus and D. f. conanti sequences in a
clade was not significant. However, a sis-
ter-group relationship between D. santeet-
lah and D. f. conanti was supported by a
high bootstrap value in both the molecular
and combined analyses (81% and 86%, re-
spectively), suggesting that D. fuscus may
be polyphyletic. In addition, the D. f. co-
nanti-D. santeetlah clade supported by the
mtDNA data is congruent with studies of
geographic variation in allozymes (Tilley
and Schwerdtfeger, 1981; Karlin and Gutt-
man, 1986) and morphometry (Tilley,
1981). One D. f. conanti sample was from a
population within 30 km of the type local-

ity in western Kentucky. In addition, the
Kentucky and Georgia D. f conanti se-
quences represent the extreme eastern and
western limits of the range but differed by
only 1.1% sequence divergence, and their
monophyly was strongly supported (Fig.
7). These points indicate that the sister-
group relationship between D. f. conanti
and D. santeetlah is not the result of sam-
pling error in the mtDNA analysis, and
congruence between the mtDNA tree and
trees derived from nuclear markers indi-
cate no conflict between the mtDNA ge-
nealogy and the species phylogeny. There-
fore, Desmognathus fuscus conanti Rossman
is elevated to species status as Desmogna-
thus conanti Rossman.

Our taxonomic rearrangement leaves
two genera within the plethodontid sub-
family Desmognathinae, the monotypic
genus Phaeognathus and the diverse genus
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tree (Fig. 7).

Deésmognathus. This arrangement has the
advantage of retaining the familiar name
Desmognathus for all species traditionally
recognized as such and changing the ge-
neric name of only one species, Desmog-
nathus marmoratus. An alternative scheme is
to give new generic names to both D. ge-
neus and D. wrighti and to combine D. mar-
moratus and D. quadramaculatus under the
generic name Leurognathus, leaving the re-
maining species in the genus Desmogna-
thus. The subfamily Desmognathinae
would then be divided into five genera, all
of which have diagnostic characters and
distinct life histories. This arrangement
would highlight the major adaptive dis-
continuities within the Desmognathinae.
The constricted genus Desmognathus would
be more compact in terms of characters,
distribution, and life history, and ecologi-
cal experiments could be directed toward

more meaningful comparisons. This revi-
sion might be desirable if further phylo-
genetic studies corroborate the relation-
ships in Figure 7. Until such results are
available, we prefer to minimize confusion
by retaining as much as possible the ge-
neric names by which these salamanders
are commonly known.

DiscussioN
Evolutionary History of Metamorphosis

Our finding that the strictly terrestrial
desmognathines form the three deepest
branches in desmognathine phylogeny is
unexpected and contradicts all previous
hypotheses of desmognathine evolution.
Our phylogenetic analysis does not sup-
port the notion that the ancestral desmog-
nathines occupied a semiaquatic moun-
tain-stream habitat resembling that of D.
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the evolution from a semiaquatic ancestor to a terrestrial habit in Desmognathus and an aquatic habit in Leurog-
nathus. This tree required a significant cost in steps relative to the preferred tree (Fig. 7).

quadramaculatus (Dunn, 1926). Moreover, a
tree consistent with a character-state tree
exhibiting an ordered transformation from
primitively semiaquatic to completely ter-
restrial species (Fig. 10) is rejected by our
data. Parsimony suggests alternatively that
absence of an aquatic larval stage may be
ancestral for desmognathines and that the
semiaquatic habit characteristic of D. qua-
dramaculatus arose along the lineage im-
mediately ancestral to D. quadramaculatus
and D. marmoratus. Our results do, however,
corroborate the hypothesis of Dunn (1926)
that the highly aquatic habit of D. marmo-
ratus was derived from the semiaquatic
habit of the ancestor of D. quadramaculatus.
Phylogenetic testing of the hypothesis that
direct development is the ancestral state
for desmognathines depends on resolution
of relationships within desmognathines, in
particular the position of D. aeneus, and on

relationships among plethodontid out-
groups. Branches supporting P hubrichti
and D. wrighti as the first and second di-
vergence events within the subfamily are
supported by bootstrap values of >90% in
our analyses. However, the position of D.
aeneus as the next lineage to diverge is not
strongly supported. Figure 10 illustrates
possible optimizations of direct develop-
ment for the Plethodontidae using a tree
corresponding to the “working hypothe-
sis” of Lombard and Wake (1986). If future
data corroborate the position of D. aeneus
in our most-parsimonious tree, then direct
development is inferred to have evolved ei-
ther twice in the Plethodontidae, once in
the most recent common ancestor to the
Desmognathinae and again on the branch
immediately ancestral to Plethodontini +
Bolitoglossini, or once in the most recent
common ancestor to the Plethodontidae,
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depending on optimization method. How-
ever, if the position of D. aeneus changes so
that it is separated on the desmognathine
tree by even a single lineage with aquatic
larvae, then direct development is inferred
to have arisen either three times indepen-
dently in the direct-developing desmog-
nathines and again in the ancestor of
Plethodontini + Bolitoglossini or in the
most recent common ancestor of the Pleth-
odontidae and again in D. aeneus, depend-
ing on optimization method.

Evaluation of these alternative evolution-
ary hypotheses of desmognathine meta-
morphosis is complicated by the fact that
D. aeneus, D. wrighti, and P, hubrichti all rep-
resent ancient, unbranched lineages. Tﬁe
remaining clade of desmognathine sala-
manders shows that substantial evolution-
ary changes in ecology and life history are
possible on the evolutionary time scale of
these lineages. Furthermore, although
these three species share direct develop-
ment, their life histories are not identical.
Phaeognathus hubrichti is the most terrestri-
al of these three species; it is a large animal
with large eggs and presumably does not
use standing water even for breeding. Des-
mognathus aeneus and D. wrighti are very
small animals with small eggs, and they
do use aquatic sites for breeding and
guarding eggs. Only the lack of an aquatic
larval stage is common to the life histories
of all three species. For D. aeneus and D.
wrighti, parallel loss of the aquatic larva
may constitute a correlate of parallel evo-
lution of miniaturization (required by both
of the alternative hypotheses being dis-
cussed) in a selective regime featuring
strong predation. Comparative develop-
mental studies on desmognathines may in-
dicate nonhomology of direct development
of D. aeneus, D. wrighti, and P hubrichti
(Wagner, 1989). If these lineages are cor-
roborated as the three most basal splits
within desmognathines and their ontoge-
nies can be interpreted as different states
within a transformation series involving
length of the larval period, direct devel-
opment would appear ancestral for the
Desmognathinae. If direct development oc-
curs by shortening the larval stage and re-

taining it entirely within the egg, then re-
versal to a free-living aquatic larval stage
seems plausible.

Evolutionary Radiation of Metamorphosing
Desmognathines

The clade containing the metamorphos-
ing desmognathines (all except Phaeogna-
thus, D. aeneus, and D. wrighti; Fig. 5) ap-
pears to have undergone a rapid
evolutionary radiation following its origin.
Adaptive radiation used in the strict sense
of Simpson (1953:223) denotes an almost
simultaneous divergence of numerous
branches from the same ancestral lineage
into different adaptive zones. A prediction
based on this model is that phylogenetic
reconstruction for such lineages is unlikely
to produce a well-resolved dichotomous
tree. Particularly for radiations that oc-
curred in the distant evolutionary past, the
major lineages will trace to a single point,
represented by a star phylogeny. A major
problem in phylogenetic reconstruction is
to determine when lack of phylogenetic
resolution represents either insufficient in-
formation or the presence of characters
whose rate of evolution is poorly matched
to the phylogenetic question being asked
and when it represents an evolutionary ra-
diation where phylogenetic branZing
events occurred nearly simultaneously and
for which even well-chosen characters are
unlikely to produce a strictly dichotomous
tree.

The relationships among the major lin-
eages of metamorphosing desmognathines
are the least well-resolved part of our phy-
logenetic tree. Several observations suggest
that this area of the tree contains short in-
ternodes resulting from rapid cladogenesis
and that incomplete phylogenetic resolu-
tion is not just an artifact of insufficient
variation in the molecular sequences being
studied. Sequences show 4-9% divergence
among these lineages, and there are 159
phylogenetically informative sites at this
phylogenetic level, indicating that the vari-
ation needed potentially to resolve inter-
nodes is present. Another possible cause
for low resolution is evolutionary satura-
tion of molecular characters, but three dif-
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ferent observations suggest that saturation
is not a problem here. First, the two deep-
est divergences within desmognathines,
events older than the branching events in
question, are well resolved as indicated by
our statistical analyses. Second, scatter
plots of transitions and transversions
against maximum likelihood estimates of
sequence divergence within desmognathines
(Fig. 3) indicate an increase in both classes
of substitutions at the highest levels of se-
quence divergence observed here. Third,
uncorrected sequence divergence among
metamorphosing taxa is always <10%, be-
low the level at which global saturation is
expected for these genes (Mindell and
Honeycutt, 1990). Furthermore, an inde-
pendent analysis of nuclear DNA-encoded
allozyme markers also indicated that many
of these species are connected by short in-
ternal branches (Karlin and Guttman,
1986). An ancient and rapid radiation of
desmognathine lineages into seepage and
stream-edge habitats therefore is suggest-
ed.

Evolutionary Increases in Body Size and
Use of Aquatic Habitats

Inferred evolutionary changes in body
size suggest either (1) the appearance of
small size in a common ancestor of all des-
mognathines excluding Phaeognathus or (2)
parallel occurrence of miniaturization in D.
aeneus and D. wrighti (Fig. 9). The first in-
terpretation contradicts the commonly
held view that desmognathines have un-
dergone primarily a phylogenetic decrease
in size (reviewed by Hairston, 1987). How-
ever, size increase is the more common
pattern in other organisms (LaBarbera,
1986; McKinney, 1990). Evolution of an ex-
tremely small body can have dramatic ef-
fects on morphology, life history, and
behavior (Hanken and Wake, 1993). Thus,
attributes that seem to be correlated with
miniaturization in D. aeneus and D. wrighti,
such as male biting behavior during court-
ship (Promislow, 1987) and living on the
forest floor, may have been derived in par-
allel.

The desmognathine phylogeny (Fig. 9)
suggests at least three independent deri-

vations of large size from smaller ances-
tors: in the D. marmoratus—D. quadramacu-
latus lineage, the D. welteri-D. brimleyorum

.lineage, and the D. monticola lineage. New

hypotheses are needed to explain these
size increases. The inferred lengthening of
larval stages in some lineages challenges
Organ’s (1961b) suggestion that higher
mortality in aquatic environments has se-
lected for shorter larval periods in des-
mognathines; our results suggest that the
small terrestrial Desmognathus may have
evolved before their large predatory con-
geners, which were formerly considered a
cause of the evolutionary origin of the
smaller species.

Hairston (1986) demonstrated that ex-
perimental removal of smaller species neg-
atively affects larger predators. The appar-
ent importance of smaller salamanders as
prey items could have selected for large
body size in the D. quadramaculatus—D. mar-
moratus lineage as a means of facilitating
use of this resource. Southerland (1986b)
demonstrated that D. monticola is both prey
of and a competitor with D. quadramacula-
tus and hypothesized that these factors led
to a phylogenetic decrease in size in the D.
monticola lineage that was constrained by
the effects of desiccation. However, D. mon-
ticola represents an increase in size (Fig. 9),
apparently as a result of rapid postmeta-
morphic growth (Bruce, 1989). Alternative
explanations consistent with the evolution
of large size in D. monticola include amelio-
rating the effects of desiccation, reducing
the risk of predation by D. quadramaculatus,
or increased efficiency of predation on D.
ochrophaeus. Competition with D. quadra-
maculatus would have been an outcome of
this size increase (Hairston, 1986; South-
erland, 1986b) and may have constrained
the final size attained by D. monticola.
These hypotheses should be given high
priority for further testing with ecological
experiments.

Our analysis corroborates a recent hy-
pothesis that long larval period is a de-
rived attribute of the common ancestor of
D. quadramaculatus and D. marmoratus
(Bruce, 1991) and has evolved indepen-
dently in D. welteri. This increase in larval
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period could be adaptive. Sweet (1973)
suggested that if larval survivorship is
higher than that of juveniles, evolution
would be in the direction of prolongation
of the larval period. .Appalachian moun-
tain streams may have provided stable
aquatic habitats that enhanced larval sur-
vivorship and favored a longer larval pe-
riod, as predicted by the model of Wilbur
and Collins (1973). Long larval periods
could have evolved in response to satura-
tion of available breeding sites and asso-
ciated selection for delayed maturation
(Bruce, 1990).

Our analysis suggests a revision of
adaptive hypotheses for the origins of nine
morphological characters that desmogna-
thines share uniquely among plethodontid
salamanders (Soler, 1950; Wake, 1966; Hin-
derstein, 1971a; reviewed by Schwenk and
Wake, 1993): (1) heavily ossified and
strongly articulated skull and mandible,
(2) flat, wedgelike head profile, (3) stalked
occipital condyles, (4) modified atlas, (5)
modified anterior trunk vertebrae, (6) at-
lanto-mandibular ligaments, (7) enlarged
dorsal spinal muscles, (8) enlarged qua-
drato-pectoralis muscles, and (9) hind
limbs relatively larger than forelimbs.
Characters 1, 2, 5, 6, 7, and 9 are associated
with burrowing and wedging between
rocks, and characters 3, 4, 6, and 8 are as-
sociated with feeding. The atlanto-man-
dibular ligaments (character 6) are associ-
ated with both activities. Schwenk and
Wake (1993) demonstrated that the atlanto-
mandibular ligaments are used in the
unique “head tuck” behavior exhibited by
desmognathines. This behavior is effective
in producing a static-pressure bite during
feeding and for moving the head during
burrowing and wedging. Schwenk and
Wake (1993) hypothesized that the atlanto-
mandibular ligaments represent a key in-
novation that allowed the common ances-
tor of the Desmognathinae to reinvade
stream habitats as metamorphosed adults.
Evidence for this secondary invasion
comes from functional data showing that
despite feeding entirely underwater, adults
of D. marmoratus exhibit tongue protrusion,
a characteristic attribute of terrestrial feed-

ing (Schwenk and Wake, 1988). Our phy-
logeny suggests that use of aquatic habi-
tats by metamorphosed adults is derived
within desmognathines and is not a char-
acteristic of their most recent common an-
cestor. Occupation of the aquatic selective
regime by metamorphosed adults oc-
curred at a less inclusive level than pro-
posed by Schwenk and Wake (1993).
Tongue protrusion in aquatic adult D. mar-
moratus has been retained from a condition
characteristic of the terrestrial adult des-
mognathine ancestor. A terrestrial adult
stage should be considered when evaluat-
ing the ecological context and selective fac-
tors accompanying the origin of the atlan-
to-mandibular ligaments and associated
morphological novelties.

All of these hypotheses regarding the
evolution of ecology, life history, and mor-
phology in desmognathines depend upon
the principle of parsimony. Departure of
these hypotheses from commonly held
views on evolution within desmognathines
may lead some to question whether par-
simony is an appropriate criterion for an-
alyzing these characters (see discussion by
Larson and Losos, 1996); conclusions
drawn using parsimony would be in error,
for example, if there were strong orthoge-
netic tendencies in character evolution. Or-
thogenetic tendencies, in which develop-
mental or metabolic constraints impart
directionality to character variation, have
been observed in the evolution of coat col-
or in mammals (Jacobs et al., 1995) and
could apply also to the evolution of life
histories and correlated ecological and
morphological attributes in salamanders.
We favor the results of parsimony as cur-
rently the best framework for developing
hypotheses of desmognathine evolution.
Tests of the ecological hypotheses gener-
ated from our phylogenetic analysis will
help to determine whether hypotheses of
orthogenetic evolution of desmognathine
life history are preferable.
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APPENDIX
MORPHOLOGICAL CHARACTERS

The following morphological characters were ob-
tained from diverse sources as cited. Characters were
verified and extended whenever possible to additional
species by examining preserved specimens at the Uni-
versity of Kansas Museum of Natural History (Titus,
1992).

1. Lower jaw commissure of adult males.—The lower jaw
commissure is either markedly sinuate (0) or not
markedly sinuate (1) in adult males (Means, 1974;
Tilley, 1981; Titus, 1992).

2. Vomerine teeth.—Vomerine teeth are either retained
(0) or lost (1) in adult males (Dunn, 1916, 1917;
King, 1936; Brown and Bishop, 1947; Bishop and
Valentine, 1950; Rossman, 1958; Martof, 1962;
Brandon, 1965; Valentine, 1974; Juterbock, 1984;
Means and Karlin, 1989). Intraspecific variation
has been reported for Leurognathus marmoratus
(Martof, 1962) and Desmognathus monticola (Juter-
bock, 1984), so the character was coded as poly-
morphic for these species.

3. Egg deposition—Eggs may be deposited in a
grapelike cluster, not attached by individual stalks
(0) or attached by individual stalks (1) (Hilton,
1909; Wilder, 1913; Pope, 1924, 1928; Bishop, 1941;
Neill and Rose, 1949; Bishop and Valentine, 1950;
Organ, 1961a, 1961b; Martof, 1962; S. G. Tilley,
pers. comm.).

- 4. Premaxillary fontanelle.—A premaxillary fontanelle
is absent (0), present and well developed (1), or
present but reduced (2) (Martof, 1962; Brandon,
1965; Wake, 1966; Means, 1974).

5. Tooth crown.—The tooth crown is either sharp and
recurved (0) or fungiform (1) in shape (Means,
1974; Caldwell and Trauth, 1979; Tilley, 1981).

6. Melanophores on testes—Melanophores may be ab-

10.

sent (0) or present (1) on testes (Dunn, 1917; Bar-
bour, 1950; Martof, 1962; Brandon, 1965; Titus,
1992).

. Female ventral glands.—Ventral glands may be

present (0) or absent (1) in cloacae of females; D.
quadramaculatus exhibits both conditions and was
coded as polymorphic (Sever and Trauth, 1990).

. Female anterior dorsal glands.—Anterior dorsal

glands may be absent (0) or present (1) in cloacae
of females (Sever and Trauth, 1990). Anterior and
posterior dorsal glands are absent in D. aeneus, D.
wrighti, D. fuscus from Ohio, and D. ochrophaeus
from West Virginia, but other species have pos-
terior, anterior, or both glands, indicating that the
two gland groups are potentially independent and
should be coded as two transformation series rath-
er than as a single complex character. Desmogna-
thus fuscus from Ohio are treated as D. f fuscus,
whereas D. fuscus from Alabama are within the
range of D. f. conanti. Desmognathus ochrophaeus as
characterized by Sever and Trauth (1990) includes
localities in West Virginia, Tennessee, and North
Carolina that were not sampled in this study. Al-
lozymic data indicate that D. ochrophaeus may be
a complex of species with additional forms that
have not been characterized adequately (S. G. Til-
ley, pers. comm.). Rather than assume that the D.
ochrophaeus in this study and those sampled by
Sever and Trauth (1990) are conspecific, D. ochro-
phaeus populations were coded as unknown for
this character.

. Female posterior dorsal glands.—Posterior dorsal

glands may be present (0) or absent (1) in the clo-
acae of females (Sever and Trauth, 1990). For the
same reasons discussed for female anterior dorsal
glands, D. ochrophaeus populations were coded as
unknown for this character.

Female cloacal tube.—A cloacal tube may be present
(0) or absent (1) in females (Sever and Trauth,
1990). Sever and Trauth (1990) reported the cloa-
cal tube as 10-30% of the total cloacal length in
all species having a cloacal tube except P, hubrichti.

" Sever (pers. comm.) suggested that P. hubrichti ex-

11.

12.

13.

hibits yet another state; the cloacal tube is present
but is only 5% of the total length of the cloaca.
Because variation among species in length of the
cloacal tube is not well quantified, we have coded
this character conservatively.

Male anterior ventral glands—In males, anterior
ventral glands of the cloaca may be enlarged, ex-
tending inferiorly to the inner edge of the cloacal
orifice and posteriorly to the caudal one-fourth of
the cloacal chamber (0), or they may extend only
to the midpoint of the cloacal chamber (1) (Sever,
1983).

Male cloacal dorsolateral recesses.—In males, dorso-
lateral recesses may be absent (0), small and shift-
ed ventrally and posteriorly (1), or well developed
(2) (Sever, 1983).

Internal nares.—Internal nares may open medially
(0) or laterally (1) (Wake, 1966).
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