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Numcrous populations of aquatic salamanders of the genera Furveea and
Typhlomolge (Plcthodontidac: Hemidactyliini) inhabit caves and springs in the
Edwards Platcau rcgion of central Texas. Species boundarics in the group are
uncertain, in part because most members of the group are perennibranchiate
(nontransforming) and most spring-dwellers from throughout the region arc

morphologically similar. Cave-dwellers exhibit a range of troglobitic morphologics
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that may be due to parallelism or convergence. Relationships of the extreme
troglobites of the genus Typhlomolge have been especially problematic. Data for 25
allozyme loci and up to 355 bp of the mitochondrial cytochrome b gene were used to
investigate relationships and species boundaries in the group. High levels of
molecular divergence are present, particularly among populations formerly assigned
to the species E. neotenes, and numerous previously unrecognized species exist.
Based on phenetic and phylogenetic analyses, the basal split is between populations
north versus south of the Colorado River, and the southern group exclusive of
Typhlomolge is further divided into southeastern and southwestern clades.
Tvphlomolge appcears to be sister to other southern taxa; thus its members should be
considered morphologically divergent Eurycea. Patterns of allozyme variation
suggest localized bottlenccks, perhaps due to spring drying; many cave populations
may have arisen from surface populations forced underground by such events. Low
levels of sequence variation among southcastern populations may reflect a bottlencck
for the ancestor of this group. Geological considerations suggest multiple origins of
subterrancan living throughout the region. However, distributions of cave- versus
surface-dwellers on the preferred phylogenctic tree suggest the possibility of a
subterrancan ancestor. The evolutionary history of perennibranchiation in the group
remains unclear due to the possibility of multiple genetic bases for this trait; from a
strictly phylogencetic perspective. ancestral perennibranchiation is the most
parsimonious hypothests. Much more diversity likely remains to be discovered in

the group, but loss of numerous specics appears imminent.
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CHAPTER 1:
EVOLUTION, PHYLOGENY AND BIOGEOGRAPHY OF THE CENTRAL
TEXAS HEMIDACTYLIINE PLETHODONTID SALAMANDERS

INTRODUCTION

The Edwards Plateau region of central Texas is characterized by Cretaceous
limestones uplifted since at least mid-Tertiary times, dissected and eroded to form
numerous springs and caves (sce Sweet 1978a, Potter and Sweet 1981, Woodruff
and Abbott 1986, and Veni 1994 for reviews of the geologic history of the area).
These habitat islands are inhabited by a variety of endemic aquatic organisms,
many with cxtremely restricted distributions. Predominant among the aquatic
vertebrate fauna of the region are plethodontid salamanders of the genera Eurycea
and Typhlomolge (tribe Hemidactyliini), almost all of which arc perennibranchiate
(i.c. retain gills and other larval morphological features throughout their lives; this
condition is often termed pacdomorphosis, but see Gould [1977] for a detailed
discussion of heterochronic terminology). Members of this group exhibit a wide
range of morphologies associated primarily with surface versus subterrancan
dwelling. T. rathbuni, the first member of the group to be described, was
discovered after the drilling of the Artesian Well at San Marcos, Hays Co. in 1895
(Stejneger 1896). This large troglobitic salamander immediately captured the
attention of the scientific community due to its seemingly bizarre morphology,
including depigmentation, tiny nonfunctional vestiges of cyes, long siender legs,

and a broad flattened head; this specics and the presumed sister taxon T. robusta



2

continue to be regarded as possessing some of the most extreme cave-associated
morphologies known among vertebrates (c.g. Potter and Sweet 1981, Sweet 1986)
Recognized as a plethodontid by Emerson (1905) and later placed in the tribe
Hemidactyliini by Wake (1966), the relationships of Typhlomolge to other
hemidactyliines have remained controversial (¢.g. Mitchell and Reddell 1965,
Mitchell and Smith 1972, Potter and Sweet 1981, Lombard and Wake 1986,
Chapter 2).

Additional central Texas hemidactyliines were not recognized until 1937,
when Bishop and Wright described E. neorenes from a spring near Helotes in Bexar
Co. In subsequent decades, several more spring and cave specics were described:
E. nana Bishop 1941 from San Marcos Springs in Hays Co., E. latitans Smith and
Potter 1946 from Cascade Caverns in Kendall Co., E. prerophila Burger, Smith
and Potter 1950 from Fern Bank Springs in Hays Co., E. troglodytes Baker 1957
from Valdina Farms Sinkhole in Medina Co, E. tridentifera Mitchell and Reddell
1965 from Honey Creck Cave in Comal Co., and E. sosorum Chippindale, Price
and Hillis 1993 from Barton Springs in Travis Co. The status and relationships of
these taxa have been problematic; most recently Sweet (1978a, b, 1984) regarded
almost all spring and cave populations from throughout the region as E. neotenes.,
synonymizing under this name E. pterophila and relegating the morphologically
variable cave-dwellers E. latitans and E. troglodytes to the status of a hybrid
swarm derived from surface E. neotenes and subtcrrancan E. tridentifera (E.
troglodytes), and a population of E. neotenes that had expericnced past

introgression from E. tridentifera (E. latitans).



With the exception of Bogart’s (1967) chromosomal studies, all inferences
of relationships among the central Texas hemidactyliines have been based oi:
morphology, and no truly phylogenetic analysis of the group has been attempted.
Morphological variation in the group has proven confusing; most surface dwellers
from throughout the region appear similar to one another based on external
morphology (e.g. Mitchell and Smith 1972, Hamilton 1973, Sweet 1978a, 1982,
Chippindale et al. 1993), while cave-dwellers display a spectrum of degrees of
cave-associated morphologies and combinations of character states (Mitchell and
Reddell 1965, Mitchell and Smith 1972, Sweet 1978a, 1984, Potter and Sweet
1981). Based on biogeographic and geologic considerations, multiple invasions of
subterranean habitat are likely to have occurred (Mitchell and Smith 1972, Sweet
1978a, 1982, 1984, Potter and Sweet 1981), but in at lcast some cases (especially in
the arecas inhabited by E. tridentifera, E. latitans, and perhaps E. troglodytes) there
is the potential for subterranean gene flow among cave populations (Swect 1978a,

1984).

Given the nature of morphological variation in the group and the potential
for parallel or convergent morphological evolution, I chose to use molecular
markers (allozymes and mitochondrial DNA) to investigatc the evolutionary history
and relationships of the central Texas hemidactyliines. In doing so I assumed that
these characters are less likely than the morphological features examined so far to
be influenced in any particular direction by sclection or drift (e.g. to fixation of

loss of function mutations that yield similar phenotypes); sec Moritz and Hillis



(1990) for further discussion of the neutrality of molecular variants. Work
currently is underway by J.J. Wiens and me to investigate morphological variation
in hemidactyliines in detail, and to determine the phylogenetic utility of this

variation; here I will focus on the results of the molecular studies.

In this study, I sought to characterize genetic variation and diversity in the
central Texas hemidactyliines, identify species boundaries, and determinc the
relationship between the phylogenetic history of the group and the biogeographic
and geologic history of the Edwards Plateau region. A key issue is whether the
group is monophyletic; Wake (1966) and Potter and Sweet (1981) suggested that
Typhlomolge may be derived from an early Tertiary invasion of the area whercas
Eurycea arrived later (perhaps in the late Miocene or Plio-Plcistocenc). According
to this scenario, the cave-associated morphology of the ancestor of Typhlomolge
evolved independently in response to the subterrancan environment, and perhaps
the extreme natvre of the troglobitic morphologies seen in this genus reflects the
long period of time spent underground. The superficiaily similar but less extreme
troglobitic morphologices scen in the central Texas Eurycea could then represent
convergences with Typhlomolge, varying in degree according to the length of time
spent underground and constrained by the common ancestry of members of the
Edwards Plateau Eurycea group. For example, Potter and Sweet (1981)
demonstrated that while the same general evolutionary trends in head morphology
are apparent in Typhlomolge and some central Texas cave Eurycea (broadening and
flattening of the skull), the osteological basis of these changes difiers in the two

genera. Perennibranchiation also could have evolved repeatedly in different central
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Texas hemidactyliines, perhaps driven by late Tertiary and/or Pleistocene drying of
the central Texas climate (Blair 1565, Wake 1966, Sweet 1977). A few naturally
metamorphosing populations of Eurycea occur in the west-central Edwards Plateau
region (Sweet 1977), suggesting cither that in this arca salamanders have simply
retained the ability to transform (as suggested by Sweet 1977, 1978a, 1986), or that
the metamorphosing condition is a reversal from an ancestral perennibranchiate

state.

Extreme cave-associated morphologies are seen in some other non-Texan
hemidactyliine plethodontids, including Typhlotriton spelaeus from the Ozark
region and Haideotriton wallacei from northern Florida and Georgia. The latter is
perennibranchiate, whereas the former transforms. Iincluded these taxa in the
present study; both are thought to have closc affinitics to Eurycea and/or
Typhlomolge (Wake 1966, Lombard and Wake 1986). I also included
representatives of all species groups currently recognized within Eurycea. Most
described members of this castern North American genus from outside of central
Texas are transforming surface dwellers, but perennibranchiate forms are known in
at least onc of the loosely-defined specics groups, the E. multiplicara group from
the Ozark region. By including representatives of the full range of taxa thought or
suspected to be closely related to the central Texas hemidactyliines, I was able to
address monophyly of the central Texas group and at the same time investigate
patterns of change in external morphology and life history (perennibranchiation
versus transformation and surface- versus cave-dwelling) at a variety of

phylogenetic levels, with the main emphasis on the central Texas group. This
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system is ideal for such a study because it offers both a hierarchy of relationships
(from higher level to interpopulation in central Texas), multiple replicates in the
form of presumably repeated instances of cave colonization, and possible multiple
origins of perennibranchiation. Recovery of a phylogeny for the group thus is
fundamental to understanding the patterns of evolutionary change that have led to

differentiation and life history mode shifls in the central Texas hemidactyliines.

MATERIALS AND METHODS

Salamanders were collected from springs and caves throughout the Edwards
Plateau region and returned to the laboratory alive, where they were dissected for
appropriate tissues (sce below) after anaesthesia with MS-222 (Sigma). Specimens
not destroyed in the course of samplc preparation were, or will be, deposited into
the collection of the Texas Memorial Museum (Austin, Texas). Precise localitics
for all populations sampled are given in Appendix 1, and localities are mapped in
Fig. 1. Tissues were stored at - 80 C prior to preparation of samples for allozyme

or DNA analysis.

Outgroup taxa
For all parsimony analyscs (sce below), cight outgroup taxa were used to
root the trees. I chose taxa that span the range of morphological and genetic
divergence in the genus Eurycea, plus other hemidactyliine genera that are

suspected to be closcly related to or nested within Eurycea. 1 based the choice of
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outgroup members on published morphological work (Wake 1966, Sweet 1977,

Lombard and Wake 1986) and molecular data from a study in progress of higher-
level hemidactyliine relationships (Chippindale, unpublished). The outgroup
consisted of E. bislineata (Renfrew Co. Ont.), E. wilderae (Watauga Co. NC), E.
quadridigitata (yellow-bellied form, Tyler Co. TX), E. quadridigitata (silver-
bellied form, Charleston Co. SC), E. . longicauda (Baltimore Co. MD), E. m.
multiplicata (Polk Co. AR), Haideotriton wallacei (Jackson Co. FL), and

Typhlotriton spelaeus (Stone Co. MO).

Allozyme electrophoresis

I examined a total of 357 individual central Texas Eurycea for allozyme
variation, representing 64 populations or taxa (see also Population groups, below).
Early in the study, I homogenized many salamanders whole in a solution of 0.001
M EDTA and 0.010 M Tris (Sigma), pH 7.5, using approximately 1:1 w/v
proportions of tissue to grinding solution. I subscquently found that destruction of
entire specimens was unnecessary, and so for most later allozyme work I used a
combination of skeletal muscle, heart, liver, and gut homogenized approximately
1:1 w/v in the above solution using an cleciric tissue grinder. Homogenates were
spun for 3-5 minutes at 13,000 rpm, and 8-10 uL of the resulting supernatant was
uscd to soak filter paper wicks for electrophoresis. Electrophoretic methods and
staining procedures gencrally followed Murphy ct al. (1990); clectrophoretic
conditions used for resolution of different enzyme-cncoding loci are listed in Table
1. Iscreencd 25 loci for which banding pattcrns were readily interpretable and

activity was strong, and rejected numerous others for which activity levels were



8

highly variable among individuals, resolution was poor, or mobility patterns were

not consistently reproducible. I made the following changes to the stain rccipes

described by Murphy et al. (1990):

1)

2)

3)

5)

7)

Half volumes were used for all liquid stains except GR, G3PDH, IDH-1, IDH-
2, and PGDH, and third or quarter volumes werc used for agar overlays;

For the IDH stains, I substituted 0.08 g dry isocitric acid for the liquid form,
and used pH 7.0 Tris/HCI buffer, becausc IDH-1 often showed litile activity at
pH 8.0;

In stains for AK, CK, and PK, 200 U of hexokinase were used (rather than the
recommended 20 U);

Glucosce-1-phosphate (Sigma G-1259) was used as the PGM substrate;

To stain for GR, 'used 13 mL of Tris/HCI pH 8.0, 0.5 mL 0.5 mg/mL DCIP,
0.002 g FAD, 0.01 g NADH, 0.02 g oxidizcd glutathione, and 0.5 mL 5 mg/mL
MTT;

To stain for AAT, [ used 12.5 mL of the following stock (to which we added
12.5 mL Tris/HCI pH 8.0 and 0.05 g Fast Blue BB): 500 mL water, 0.37 g
alpha-ketoglutaric acid, 1.33 g L-aspartic acid, 2.50 g polyvinyl pyrrolidone,
0.5 g NapEDTA, and 14.20 g NapHPO4.

DNA amplification and sequencing

Sequence data were gathered for 34 populations of central Texas Eurveea.

including representatives from throughout the geographic range sampled for

allozyme variation, populations that proved substantially divergent based on the



allozyme data, and all described species (whether currently recognized or not)
except 1. robusta, for which the presumed subterranean habitat is now inaccessible.
Using PCR, I amplified a fragment of roughly 400 bp of the 5' end of the
mitochondrial cytochrome b (cytb) gene , with primers described by Moritz ct al.

(1992) or slight modifications of these. The primers were:

light strand: primer MVZ 15: GAACTAATGGCCCACAC(AT)AT)TACGNAA
hcavy strand: primer CB2H: CCCCTCAGAATGATATTTGTCCTCA

A map of the cytb gence and the locations of these primers is provided by

Moritz ct al. (1992); CB2H is a truncated version of their cyi-b2 primer.

For most specimens, DNA was cxtracted from tail or liver tissue using the
STE method described by Hillis etal. (1990); 1 -2 mL of the resulting solution was
then diluted in 50 uL of 1X TE (c.g. Hillis ct al. 1990) for PCR. For F. troglodvies
(for which no allozyme data arc available, and which may now be extinct) [ used
supcrnatant from an allozyme sample prepared in the mid-1970s by S. Sweet and
provided by D. Wake, and applied a modification of the Chelex extraction method
(Walsh ctal. 1991). This method alsc was used for the Bat Well, Greenwood
Springs, Cloud Hollow Spring, E. tridentifera (Ebert Cave) and [I-. latitans
spccimens. The method is as follows: A 5.0% solution of Chelex-100 (Biorad) was
prepared using distilled water, autoclaved, and 500 uL was placed in cach of
scveral heat-resistant tubes. I then added 50 ul of allozyme supernatant (/-

troglodyles) or a tiny fragment of liver or muscle (other specimens) to cach tube
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and placed the samples in a 55 C water bath for about 3 h, shaking occasionally.
The samples were then vortexed briefly, heated to 95 C for 15 min, vortexed again,

and centrifuged briefly to precipitate the Chelex.

PCR was performed using an Ericomp or MJ Research PTC-100 thermal
cycler. PCR conditions that yielded the most consistent amplifications were as
follows. Samples consisted of 3-6 uL dilutc DNA ( for Chelex extractions, 2 uL of
DNA solution plus 2 uL of a 1 in 50 dilution of Chelex solution), 0.1 uM each
primer, 40 uM dNTPs, standard Taq polymerasc buffer (1.5 mM MgCl2), and 1-2
U Tagq polymerasc in a total volume of 50 uL. Temperature cycling usuaily used
was: Step 1: 94 C 1.5 min. (X 1)/ Step 2: 94 C 30 scc, S0 C 30 or45scc, 72C 1
min. (X 34)/Step 3: 72 C S min. (X 1).

Greatest recovery of amplified DNA was accomplished using the method of
Zhen and Swank (1994): 20-25 uL of the PCR sample was clectrophoresed through
a nonsubmerged gel of 1.5% agarose in TAE (Moritz ct al. 1990) and the band of
interest (stained with ethidium bromide) was allowed to run into a small well cut in
the gel, which contained roughly 50 uL of a solution of 15% PEG 800 and 2X
TAE. Initially, standard Sanger sequencing was performed using puriticd PCR
product and a modification of the method described by Hillis et al. (1990).
However, generation of single-stranded DNA rcquired usc of asymmetric PCR
methods (¢.g. Gyllensten and Ehrlich 1988), which did not work reliably.
Therefore, most sequencing was done using cycle sequencing methods {e.g. Fulton

and Wilson 1994), as follows. Six uL of gel-purified PCR product was added to a
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tube containing 3 uL 0.4 uM sequencing primer [previously end-labelled with ¥-
ATP (32P) using polynucleotide kinase], 25 uL 1X cycle sequencing buffer (30
mM Tris/HCI pH 9.0, 50 mM MgCl2, 300 mM KCl, 0.25% Tween 20, 0.25%
NP40), and 1-2 U Taq polymerase, for a total volume of 35-36 uL. Eight uL of this
mixture was then added to each of four tubes containing 2uL A, G, C,or T
termination solution for a total volume of 10 uL per tube. Termination solutions
were 100 uM in dATP, dGTP, dTTP, and dCTP; the A solution was 2.0 mM in
ddA, the G 0.2 mM in ddG, the T 2.0 M in ddT, and the C 1.0 M in ddC. A drop of
sterile mineral oil was added as an overlay, and temperature cycling was performed
in either of the thermal cyclers described above. Conditions that yielded the most
consistent results were: Step 1: 94 C 1.5 min (X 1)/Step 2: 94 C 30 sec, 55 C 30
sec, 72 C 1 min (X 34)/Step 3: 94 C 30 sec, 72 C 1 min (X 5). However, successful
results also were obtained with as few as 15 iterations of step 2 and as many as 15

iterations of step 3.

After adding 5 uL formamide/bromophenol blue/xylene cyanol stop dye to
cach reaction tube, 3-4 uL of cach rcaction mixture was uscd per well in a standard
DNA sequencing gel (c.g. Hillis et al. 1990). Gels were dried into Whatman 3
filter paper without fixation and exposed to Kodak X-Omat AR or Biomax film for

1 - 4 days at rocm temperature without intensifying screens.

I scquenced each sample using both MVZ 15 and CB2H as sequencing
primers, with substantial overlap in the middle region of the fragment for most

samples. The Pedernales sample proved difficult to scquence using MVZ 15 (this
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also was a problem for some more distantly related plethodontids not included in
the present study). Therefore, I designed an internal primer which yielded more
clearer sequence; its sequence is: STC(ACT)TTTATTGA(CT)CTCCCAGC 3'.

Sequences were aligned by eye, and initially were compared to published cytb

sequence for plethodontid salamanders of the genus Ensatina (Moritz et al. 1992).

To confirm that I was working with the mitochondrial cytb gene, I purificd
mtDNA from a specimen from the Sutherland Hollow population using the
modified alkaline lysis method of Timura and Aotsuka (1988) and compared its
scquence to that of another individual from the same population. The sequences

werc identical for all readable base pairs.

Analysis of allozyme data

An IBM PC version of Swofford and Selander's (1981) Biosys-1 program
was uscd to calculate measures of allozyme variation and genetic distances, and to
perform phenctic clustering based on the allozyme data. To assess deviations from
Hardy-Wecinberg cquilibrium, I used chi-square tests and applied Levenc's (1949)
correction for small sample size. 1 treated almost all localitics as scparate
populations for phenctic analysis. However, due to the constraint of 60 as the
maximum number of populations possible for analysis, I combined scveral
populations that were geographically proximal and identical or ncar-identical in
allelelic composition and frequency as single units to yicld a total of 59
"populations”. Populations combined were: Barrow Hollow + Stillhouse Hollow

Springs; Knight + Cedar Breaks Springs; Pedemnales Spring 1 + Spring 2; Murphy's
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Spring + Sabinal Canyon Spring; Greenwood Springs 1 + 2 + 3; Cherry Creek

Spring + Cloud Hollow Spring; and E. rathbuni from Ezell's Cave + Rattlesnake

Cave + Diversion Spring.

No activity was observed for the Gr locus in any of the five E. rathbuni
screened for allozyme variation, nor could I detect activity in any of the six
Greenwood Springs individuals for Mdh-2. For the purposes of phenetic analyses
and calculation of levels of variation, I trcated these individuals as homozygous for
unique alleles at these loci. My basis for doing so was the assumption that
individuals in these populations possess a unique form of cach cnzyme, and that the
differences have a genetic basis. The main effect of this approach will be a slight
reduction in estimates of variability if these individuals were in fact heterozygous at
these loci. For parsimony analyses (see bclow) these cases were simply treated as

"missing data".

Phenetic clustering of allozyme data was performed using UPGMA (c.g.
Sneath and Sokal 1973) with Manhattan (Prcvosti) distances (¢.g. Wright 1978); 1
also used Nei's (1978) unbiased distance and Rogers's (1972) distance for
comparison. For parsimony analyses, I employed a method of frequency-based
coding developed in conjunction with J. Wiens (personal communication and in
press); a near-identical approach was developed independently and simultancously
by S. Berlocher and D. Swofford (ID. Swofford, personal communication to PTC).
Briefly, the method involves trcatment of cach different obscrved array of allcle

frequencics for a given locus (character) as a unique state. Manhattan distances
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(Ds) among states arc calculated, here using Biosys-1 (Swofford and Sclander
1981). These Ds are then converted to whole numbers (we rounded to two di gits)
and used as the numbecrs of steps among states in a step matrix, implemented in
Swofford's (1990) PAUP program (for these and all other parsimony analyses

described here, I used PAUP version 3.1.2d5).

Analysis of sequence data
In order to assess the relative levels of sequence divergence among central
Texas Eurycea, I calculated absolute distances among populations and taxa using
PAUP and performed UPGMA clustering using Felsenstein's (1991) Phylip
program. For presentation (Fig. 5), I converted these distances to approximate

percent sequence divergence.

For phylogenetic analyses of the sequence data, I employed two
approaches. The first was to simply weight all changes cqually, without regard for
transitions versus transversions, cte. The second approach involved partitioning of
the sequence data into first, sccond, and third codon positions, followed by
combinatorial weighting of changes among bases using Wheeler's (1990) method
with Rodrigo's (1992) correction for invariant positions. Valucs in the resulting
three transformation matrices were used as the numbers of steps among alternative
bascs in three PAUP step matrices (corresponding to first, second, and third codon
posttions). This approach allowed incorporation in the phylogenctic analysis of
information on the frequency and direction of different kinds of changes, based on

observed patterns in the data set. However, this method yields asymmetric sicp
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matrices, which slows tree searching tremendously. Therefore, I averaged values
across the diagonal of each matrix to produce symmetric step matrices (c.g. we
uscd the mean of C to T and T to C changes in both the "C to T" and "T to C" cells
of the step matrix). In most cases, the differential was relatively small (sce Table
2), and thus this approach is unlikely to have had a strong effect on the outcome of

the analyses.

Combined data analyses

I conducted two kinds of parsimony analyses in which I combined the
allozyme and DNA data. First, I used the allozyme data (coded using loci as
characters and Manhattan D step matrices, as described above) plus the DNA data
with no combinatorial weighting. For these analyscs, I weighted cach DNA
character (position) 100X the value of cach allozvme character, becausc the
trecatment of the allozyme characters allowed up to 100 "steps” (Manhattan D units)
among states (alternative frequency arrays at cach locus). Thus, I allowed cach
scquence character to make a contribution to the analysis cqual to that of cach
allozyme character. Sccond, | used the allozyme characters, coded as described
above, plus the sequence data partitioned by codon position with the application of
combinatorial weights. In these analyses, I scaled the DNA step matrix values 1o
100 for cquivalence (with respect to relative weight in parsimony analyscs)

between changes at cach allozyme locus and changes at cach sequence position.
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combinatorial weights or partitioning by codon position; 3) sequence data only with
combinatorial weights, partitioned by codon position; 4) allozyme data with
Manhattan D step matrices plus sequence data without combinatorial weights; and
5) allozyme data with Manhattan D step matrices plus sequence data partitioned by
codon position with combinatorial weighting. I assessed confidence in selected
nodes of the heuristic search trees using decay indices (Bremer 1988, Donoghue et
al. 1992); i.e. the number of additional steps required (beyond the shortest tree or
trees) before a given clade no longer appears. To determine decay indices, I
successively added constraints which specified each node of interest to a given
PAUP file. I then conducted a series of heuristic searches in which I saved only
trees inconsistent with the chosen constraint and recorded the length of each. The
difference between the length of the shortest tree(s) found without constraint and
that of the shortest tree(s) found with the above "reverse” constraint represents the
decay index. Notc that many decay indices for all analyses (cxcept DNA only, no
combinatorial weights) are very high, duc to the coding of the data and the step
matrix approach, which also made the overall tree lengths very great. Therefore,
for almost all trees shown, decay indices can be divided by 100 to yicld values

similar to thosc scen in more conventional analyscs.

I also assessed phylogenetic confidence through use of nonparametric
bootstrapping (Felscnstein 1985), implecmented using PAUP. One hundred
heuristic bootstrap psecudoreplicates were performed for all of the above-described

data sets except DNA only, without combinatorial weights, and DNA only, with
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combinatorial weights and codon position partitioning. For the latter two data sets,

tree searching was so slow that bootstrapping proved impractical.

Population groups

The large number of populations included in the allozyme portion of this
study made it impractical to include each as a separate unit in parsimony analyses,
and sequencing of representatives from all populations was not possible. To reduce
the number of working units, I constructed 24 population groups based on results of
initial (phenctic) analyses plus consideration of geographic location and proximity.
Mcmbership of these groups is shown in Fig. 12, and locations are listed in
Appendix 1. Whenever possible, I applied an cxisting name to members of the
group (c.g. I resurrected the name E. pterophila for salamanders in the Blanco
River drainage, a name previously synonymized with E. neotenes by Swect
[1978b]). For cases in which an appropriatc namc was not available, I used the
name of the region or onc of the localitics sampled (e.g. Lake Georgetown group,
Carson Cave group). While most of these groups likely represent real evolutionary
units (species or monophyletic groups of species), several are somewhat arbitrary.
Especially problematic assecmblages of populations are the Carson Cave, E.
latitans, and Buttercup Creek Caves groups. These issues, and the potential impact
of the grouping approach on the analyses, will be addressed below (sce

Discussion).
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RESULTS

Intrapopulation allozyme variation

Twenty-two of the 25 allozyme loci examined displayed polymorphism
among and/or within populations of central Texas hemidactyliines (the exceptions
were Cap, Ldh-B, and Sod; see Appendix 2). However, levels of intrapopulation
genetic variation generally were low (Appendix 2). Direct-count heterozygosity
(H) ranged from 0% in several populations to 12.0 % in the TW.A_S.A. Cave
population, represented by a single specimen; the next highest observed H was
10.8% in E. tridentifera from Badweather Pit (five specimens examined). Mcan H
across all populations was 2.92% (S.E. = 0.042). The percentage of polymorphic
loci (P) ranged from O in several populations to 32 in E. sosorum with a mean of
9.69 (S.E. =0.128), and the average number of alleles per locus (A) ranged from
1.0 to 1.2 with a mean of 1.09 (S.E. = 0.001). Eightcen significant deviations {from
Hardy-Weinberg cquilibrium (HWE) were detected (chi-square test, P < 0.05), of a
total of 1598 populations X loci examined. However, because many loci were
invariant for any given population, this represents a total of only 153 chi-square
tests, and thus (one could argue) a greater number of deviations than would be
expected by chance. If I invoke the Bonferroni criterion (e.g. Sokal and Rohlf
1981) and divide the alpha level by the numbcer of comparisons, only three

deviations are significant, fcwer than would be expected by chance.
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Phenetic analysis of allozyme data

Here and in subsequent sections of the Results I will focus primarily on
differentiation and relationships of the major groups of central Texas salamanders;
systematics and taxonomy of the component members of these groups will be
addressed elsewhere (Chapter 3 and in prep.). The UPGMA phenogram
constructed from Manhattan Ds (Fig. 3) reveals a high degree of genetic
differentiation among some populations and groups of populations. In particular,
members of the "northern” group (populations from northeast of the Colorado River
in Travis, Williamson, and Bell Counties) are extremely divergent from all other
central Texas Eurycea. Average Manhattan Ds between the northern and other
populations exceed 0.45, which correspond here to average Nei's (1978) Ds over
0.65 and Rogers's (1972) Ds over 0.45. These Ds reflect numerous differences in
allelic composition (from all other central Texas Eurycea cxamined) that are fully
or near fixed, or mutually exclusive. South of the Colorado River, T. rathbuni
from the San Marcos region appears as the next most divergent member of the
group with a Manhattan D exceeding 0.40, and E. nana (also from the San Marcos
arca) is next most divergent (Manhattan D over 0.30). Of the remaining
populations, there is a division between a "southeastern group” (all populations cast
of extreme eastern Kerr Co., corresponding primarily to the southcastern drainages
of the Edwards Plateau) and a "southwestern group” (corresponding primarily to
southwestern drainages of the platcau). While E. nana and T. rathbuni cach
possess unique alleles at several loci (Appendix 2), differentiation among members
of the southeastern and southwestern groups primarily is based upon allele

frcquency variation. UPGMA phenograms constructed using Net's (1978) unbiased
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D and Rogers's (1972) D had topologies nearly identical to that of the Manhattan D

tree except at the very smallest Ds, and thus are not shown here. Manhattan Ds are
plotted as "contour lines" on a map of central Texas in Fig. 4 for ease of
interpretation; the choice of increments of 0.1 Manhattan D unit is only for

convenience.

Levels of sequence variation and phenetic analyses of sequence data

Across the maximum 355 bp of cytb sequenced (see Appendix 3), 133 sites
(37.5%) were variable including outgroup taxa; within the ingroup 101 sites
(28.5%) varied. Of the 118 codons examined (Appendix 4), 15 (12.7%) exhibited
amino acid variation, considering all taxa; excluding the outgroup, 13 (11.0%) were
variable. The UPGMA phenogram constructed from absolute sequence distances
(converted to percent sequence divergence) is shown in Fig. 5, and contour lincs
represcnting arbitrarily selected increments of 3% sequence divergence are plotted
on the map in Fig. 6. In most respects, the major patterns of divergence seen in the
allozyme-based phenogram also occur in the DNA-based phenogram. The northern
populations are strongly differentiated from all others, exhibiting over
14% sequence divergence on average (Fig. 5 and Appendix 3). As in the allozyme-
based phenogram, T. rathbuni appears as next most distinct, with an average
scquence divergence of approximately 9% from other non-northern populations.
The same division between southeastern and southwestern populations (exclusive
of T. rathbuni) occurs as in the allozyme-based phenogram, with average sequence
divergences over 7%. A key difference between the allozyme phenogram and that

based on sequence data is that in the DNA-based tree, E. nana appears within the
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southeastern group (the region in which it occurs geographically), whereas based
on allozymes it is strongly differentiated and appears outside all other non-northern
populations except T. rathbuni. The other major difference between the allozyme
phenogram and that based on DNA is that the DNA phenogram reflects the near-
total lack of sequence variation in the southeastern region, except with respect to E.
sosorum, E. nana, and the Pedernales populations. In contrast, substantial allozyme

variation is present in the southeastern group (Figs. 3, 4 and Appendix 2).

Biogeographic patterns of genetic differentiation
and relationships of cave populations

As described above, phenetic analyses of both the allozyme and sequence
data identify several major clusters of populations, most of which correspond to
geographically circumscribed regions of the Edwards Platcau arca: a northern
group, a southeastern group, a southwestern group, 7. rathbuni from San Marcos,
and E. nana from San Marcos (E. nana is strongly differentiated bascd on
allozymes only). The latter four, all from southwest of the Colorado River, will be
referred to collectively here as the "southern group”. The named taxa E. neotenes,
E. latitans, E. pterophila, E. sosorum, and E. tridentifera all cluster phenctically
within the southeastern region based on allozymes and DNA. The only remaining
named taxon (exclusive of T. rathbuni and E. nana) is E. troglodytes, which
clusters with members of the southwestern group based on sequence data. Cave
populations from the northern, southcastern, and southwestern regions all cluster
with spring populations in the same regions based on both allozymes and DNA,

regardless of their degree of morphological divergence. The only exception to this
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pattern is T. rathbuni, an extreme troglobite that is strongly differentiated both

morphologically and based on allozymes and DNA from all other members of the

southern assemblage.

I found no evidence that the cave-dwelling taxa E. latitans and E.
troglodytes are of hybrid origin. None of the five E. latitans examined for
allozyme variation displayed a unique MDHP allele that appears fixed or at very
high frequency in the three populations of E. tridentifera that I examined
(Appendix 2). Sequence data place E. troglodytes with populations in the
southwestern region (see above) and do not support a close relationship between
this population and the southeastemn E. tridentifera (but see Discussion for caveats

regarding use of mitochondrial sequence data).

Parsimony analyses and monophyly of the central Texas hemidactyliines
Results of all but one parsimony analysis indicate monophyly of the central
Texas Eurycea with varying degrees of support (Figs. 7-11). The exception is the
analysis of scquence data only without application of combinatorial weights (Fig.
10); in the resulting consensus tree, the central Texas group is rendered
paraphyletic by the placement of Typhlotriton (from the Qzark region) as the sister
taxon to the northern group. Based on the decay index, however, support for the
node linking thesc taxa is weak, and trees in which the central Texas group appears
as monophyletic are only one step longer. Application of codon position
partitioning and combinatorial weighting to the DNA data alone resulted in a single

tree in which the Texas group appears as monophyletic with a decay index of 156
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"steps” (Fig. 9). Given the nature of the data coding, however, this decay index can
be divided by 100 to yield a value more comparable to those seen in other studies;
thus support for this node is not especially strong. In analyses in which only the
allozyme data were used, the central Texas group appears monophyletic in the
single tree resulting from a heuristic search (Fig. 11A), with a decay index of 152
(again, roughly equivalent to only 1.52). In the bootstrap analysis of the allozyme
data alone (Fig.11B), the only node that is strongly supported (> 70%; see Hillis
and Bull 1993) is that representing monophyly of the central Texas group, at 89%.
Heuristic scarches using the combined allozyme and DNA data (Figs. 7A and 8A)
yiclded decay indices of 488 "steps" (DNA without combinatorial weights) or 942
(with combinatorial weighting and partitioning by codon position), suggesting
relatively strong support for monophyly of the central Texas group when all the
relevant data are considered. Similarly, bootstrap values for this node in combined
data analyses were 89% (allozymes plus DNA without combinatorial weighting or
partitioning, Fig. 7B) and 98% (allozymes plus scquence data combinatorially

weighted and partitioned by codon position, Fig. 8B).

Major groups based on parsimony analyses
Results of all parsimony analyses support monophyly of the northern group
of populations. Thc weakest support occurs in the aliozymes-only trees, with a
decay index of 509 "steps” (roughly equivalent to 5) for this group bascd on the
heurnstic scarch (Fig. 11A) and a bootstrap value of 67% (Fig. 11B). However,
notc that support for all other nodes except ingroup monophyly is weak using the

allozyme data alone. Decay indices for the node uniting members of the northern
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group are high for heuristic searches involving all other subsets or combinations of
the data (Figs. 7-10), and bootstrap values for this node arc 100% in both combined
data analyses (Figs. 7B and 8B). Members of the northern group not only are
characterized by numerous diagnostic alleles at allozyme loci and unique sequence
substitutions (Appendices 2, 3), but also by unique amino acid substitutions at
codons 27, 44, 90, and 111 (Appendix 4). Unambiguous and potential
synapomorphies for this and the other groups recognized here are listed in detail in

Chapter 3.

The southern group appears as monophyletic in all analyses except the
heuristic scarch based on allozyme data alone (Fig. 11A), which places T. rathbuni
as sister to the northern group and E. nana as sister to all central Texas Eurycea.
The decay index for the node linking T. rathbuni and the northern group in this tree
is 42 (roughly 0.4) and that for E. nana basal to other central Texas Eurycea is 152
(roughly 1.5), indicating little support for this arrangement. Bootstrapping of the
allozyme data set (Fig. 11B) places T. rathbuni as sister to the remaining members
of the southern group, but with a bootstrap value of only 42%. The other
parsimony analyses also place E. rarhbuni as sister to other members of the
southern group; the strongest support for this relationship is secn in the combined
data analyses, with bootstrap values of 98% (allozymes plus DNA., no
combinatorial weighting or partitioning by codon position, Fig. 7B) and 87%
(allozymes plus weighted and partitioned sequence data, Fig. 8B) for this node,
respectively. In the bootstrap analysis of the allozyme data alone (Fig. 11B), E.

nana appears as sister to the Camp Mystic population (from the southwesicrn
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region), but with a bootstrap value of only 19%, which lends little credence to this
hypothesized relationship. Support for E. nana as either embedded within or sister
to the southeastern group is generally moderate to high in all analyses not based on

allozymes alone (figs. 7-10).

Aside from T. rathbuni and E. nana, support for a group containing the
remaining southern populations generally is moderate to high. The main exception
is the heuristic search based on allozyme data alone; the resulting tree (Fig. 11A)
shows most members of the southwestern group as sister to the northern group plus
T. rathbuni, with the Carson Cave and Camp Mystic populations basal to the
northern + T. rathbuni/southwest clade. Support for this arrangement is very low
based on both decay indices and bootstrapping (Fig. 11B). In all analyses based on
DNA alone or DNA plus allozymes, the southwestein populations form a
monophyletic group; the strongest support for the monophyly of this group is
provided by bootstrapping of the combination of allozymes plus weighted and
partitioned DNA data (82%, Fig. 7B). The southeastern populations exclusive of 7.
rathbuni and (and E. nana in the allozymes-only analyses) always appear as a
monophylctic group. The strongest support for the node linking these populations
is provided by the combined data analyses, with bootstrap values of 97% in the
allozymes plus combinatorially-weighted, partitioned sequence data analysis (Fig.
7B) and 99% in the allozymcs plus unweighted, unpartitioned scquence data

analysis (Fig. 8B).
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Biogeographic and taxonomic patterns based on parsimony analyses
As detailed above, parsimony analyses generally support the division of the

central Texas Eurycea into a monophyletic "northern group”, or clade, from
northeast of the Colorado River, and a less well supported "southern group”, or
clade, from southwest of the Colorado River. The southern clade is composed of E.
nana and T. rathbuni from San Marcos, a "southeastern group” corresponding
primarily to the eastern drainages on the southern portion of the Edwards Platcau
exclusive of the San Marcos region (this group may include E. nana from San
Marcos), and a "southwestern group” generally corresponding to the western
drainages in the southern portion of the Edwards Plateau region. This major pattcrn
of phylogenetic relationships is consistent with the pattern of similarities revealed
by the phenetic analyses. As in the phenetic analyscs, even the most
morphologically divergent cave populations (with the exception of T. rathbuni)

cluster with geographically proximal surface (spring) populations.

Relationships of outgroup taxa
I will devote little attention to relationships among other hemidactyliine

plethodontids here; thesc issucs will be addressed elsewhere. 1 note, however, that
among the outgroup taxa uscd, there was relatively little consistency in inferred
relationships among analyses. With the exception of the allozymes-only analyses,
there generally was strong support for a sister relationship between E. bislineata
and E. wilderae, consistent with previous inferences that these taxa are part of a
distinct group within Eurycea (c.g. Jacobs 1987). E. quadridigitara from Texas and

E. quadridigitata from South Carolina never clustered together, suggesting that this
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taxon may not be monophyletic. Depending on the analysis, the monotypic cave-
dwelling genera Haideotriton and Typhlotriton occur in various places in the tree,
always imbedded within Eurycea based on the rootings implied by these analyses
(however, use of further outgroups will be necessary to properly address the

relationships of these taxa).

DISCUSSION

Intrapopulation allozyme variation

Shaffer and Breden (1989) found that nontransforming salamanders
generally exhibit lower levels of genetic variation (as measured by allozyme
markers) than do transforming species. My results for most populations of central
Texas hemidactyliines are consistent with this obscrvation, given the mean H
across all populations of 2.9% (however, there arc several notable exceptions,
particularly among cave-dwellers ; sce Appendix 2 and below). Shaffer and Breden
(1989) suggested that this pattern may be due in part to the ephemeral nature of the
habitats of many nontransforming species: pcrennibranchiate salamanders often
inhabit bodies of water in areas that are relatively hot and arid, and periodic drying
of these aquatic habitats may result in genetic bottlenccks. Anecdotal observations
support this hypothesis for at least some populations of spring-dwelling central
Texas hemidactyliines. For example, when D.M. Hillis, A.H. Price and I visited
Helotes Creck Spring, the type locality of E. neotenes, in March 1990, we were

told that the spring had been dry for approximaiely two years and had only started
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to flow again the previous day. We found dozens of emaciated salamanders, some
dead or dying, concentrated in the newly-formed spring pool; presumably these
animals had retreated underground with the drying of the spring and had barely
survived to reemerge with the rise in aquifer levels. Comal Springs, another habitat
for members of the group, is known to have ceased flowing during a drought in the
1950s. While this caused local extirpation of the fountain darter Etheostoma
fonticola (C. Hubbs pers. comm.), salamanders still exist there, and presumably
retreated underground during the dry period, although effects of the event on
population size are unknown. Sweet (1977) observed many instances of temporary
drying in Edwards Plateau springs inhabited by Eurycea, during which the

salamanders presumably were in subterrancan waicrs.

These observations highlight the potential for periodic drastic reductions in
population size, and lend support to Sweet’s (1978a) hypothesis that many
populations of cave hemidactyliines in central Texas may have originated from
spring-dwellers that foliowed the water column underground when it dropped due
to drought, or when crosion led to stream capturc. It is interesting that some of the
highest levels of heterozygosity observed were among cave dwellers from
subterranean aquatic systems that likely are relatively extensive (especially E.
tridentifera from caves of the Cibolo Sinkhole Plain in Comal. Kendall, and Bexar
Co.’s); perhaps these systems support large numbers of individuals and/or arc
buffered against the drastic changes in water availability to which surface
populations are subject. However, the relationship between heterozygosity and

habitat type in general is far from clear-cut: a few spring populations exhibit
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relatively high Hs (including the Helotes population described above!), and even
within a given cave system, estimates of heterozyosity can vary widely from site to
site (e.g. for E. tridentifera from Honey Creek Cave vs. Badweather Pit, and for
the various populations of E. sp. from the Buttercup Creek Cave system in
Williamson Co.). While some of this variability might be attributable to sampling
error given the small sample sizes for many of the populations studied, a proper
investigation of the relationship between levels of genetic variability and habitat
type likely will depend on a much more detailed knowledge of factors such as
spring reliability, the true extent of available habitat (subterranean versus surface),
and the nature of interconnections among given springs and/or caves. Culver
(1982) reviewed theoretical arguments that predict higher level of heterozygosity
for cave versus surface-dwellers, and arguments for the reverse situation, but in his
literature survey found no consistent pattern of differences. Kane et al. (1992)
found no significant differences in heterozygosity between surface and cave-
dwelling populations of the aquatic amphipod Gammarus minus (although surface
populations did have significantly higher numbers of alleles per locus), and
concluded that for this species recent bottlenccks or founder effects are uniikely to
have played a major role in the evolution of cave populations. In a widely-cited
study, Avise and Sclander (1972) concluded that founder effect was respensible for
the low levels of genetic variation seen in cave versus surface populations of
Mexican tetras (Astyanax). For the Texas Eurycea, there are so many instances of
cave-dwelling, and such variation in the nature and extent of spring and
subterranean habitat, that one could invoke almost any explanation of levels of

variation by citing sclected examples.
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Interpopulation sequence differentiation and variability of
allozymes versus mitochondrial DNA
The levels of nucleotide variation seen for cytb here are very similar to
those reported by Moritz et al. (1992) for plethodontine plethodontids of the genus
Ensatina plus the outgroups Aneides and Plethodon. Including outgroups, I found
37.5% of the 355 positions surveyed positions variable (28.5% for ingroup
members only), while Moritz et al. reported 37% of positions variable for the 681
bp they sequenced across all taxa. Possible implications of these results with
respect to origins and divergence times of the central Texas hemidactyliines are
discusscd below. Moritz et al. (1992) found almost twice the amino acid sequence
variation in their study as did I (22% of amino acids variable including ingroup and
outgroups, compared to 12.7% here with outgroups and 11.0% without). The
reason for the apparently greater level of conscrvation in hemidactyliine cytb amino

acid sequences is unknown.

On a broad scale, the patterns of geographic variation exhibited by both
allozymes and cytb sequences are similar (see discussion of phylogenetic and
biogeographic implications below). However, considerably more variation was
revealed by allozymes than cytb scquences in the southeastern region, where most
populations exhibited identical or near-identical sequences. The very low levels of
cytb nucleotide variation in most populations from the southeastern region are
surprising given that the southwestern populations cxhibit considerable variation

for the same scquence, and salamanders from both regions exhibit similar levels of



31

interpopulation allozyme differentiation. Since the southeastern and southwestern
clades appear to be sister groups, one might expect that both would show similar
levels and patterns of sequence variation. This assumes that through stochastic
processes and lineage sorting, polymorphisms present in the common ancestor of
the two would be distributed among populations in both regions, plus whatever new
mutations arose and persisted after separation of the southeastern and southwestern
lineages. One might even predict higher levels of interpopulation variation in the
southeast, because erosion on the surface of the Edwards Plateau is thought to have
occurred from east to west (¢.g. Sweet 1978a), presumably creating isolated islands
of spring and cave habitat available for colonization earlicr than most in the
southwest. However, development of the fault zone aquifer likely procecded from
west to east (e.g. Woodruff and Abbott 1979), so if the ancestor of the southeastern
and southwestern groups was associated with this feature onc might hypothesize an
early radiation into habitats in the southwest, followed by isolation and genetic
divergence. This scenario is compromised by the relatively high levels of allozyme
variation in both areas, plus the occurrence of the northern group adjacent to the
current range of the southeastern one. The latter suggests that the ancestor of the
cntire central Texas Eurycea assemblage was distributed throughout the Edwards
Platcau region, then split by vicariant events. The sequence homogeneity among
most of the southcastern populations and taxa seems unlikely to be due to extensive
gene flow, given that there is substantial nuclear (allozyme) evidence of
substructuring or isolation for many southcastern populations and population

groups.
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This situation is the opposite of that seen in nontransforming North
American cryptobranchid salamanders, in which there is a near-total lack of
detectable allozyme variation (Merkle et al. 1977, Shaffer and Breden 1989), yet
strong geographic substructuring based on mtDNA analysis (Routman 1993).
Although the studies are not completely comparable (here I sequenced a portion of
a single mt gene. whereas Routman used restriction sites from throughout the mt
genome), this observation demonstrates that even a mt gene generally regarded as
rapidly evolving (e.g. Graybeal 1993) may fail at some level to exhibit useful
variation, while nuclear allozyme markers continue to be informative. Routman
(1993) suggested that the reduced levels of allozyme variation in Cryprobranchus
could be due to an ancestral bottleneck, afier which the rapid rate of evolution of mt
DNA allowed a more rapid accumulation of variants than in the nuclear gencs
cncoding metabolic enzyme loci. In the present study, however, the low levels of
mtDNA variation in the southeastern group suggest that if there was an ancestral
bottlencck, the mt genome (or at Icast that portion examined) has not accumulated
mutations as rapidly as have some of the genes encoding the loci used in the
allozyme study. Routman (1993) found high mitochondrial restriction site
variation rclative to allozyme variation among populations of nontransforming tiger
salamanders (Ambystoma tigrinum mavortium), and suggested that localized
bottlenecks may have been extreme enough to reduce effective mt population sizes
to the point where diversity was drastically diminished and particular haplotypes
became fixed, while population sizes remained large enough to maintain allozyme
diversity (since the effective population size of the mt genome is smaller than that

of the nuclear genome; see Birky ct al. 1983, 1989). This explanation is consistent
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with the predictions of Nei et al. (1975) that the effect of a bottleneck in reducing

levels of genetic variation is greatest at very small population sizes but rapidly
diminishes as population sizes become even slightly larger. Thus perhaps the
ancestor of most of the southeastern Edwards Plateau Eurycea underwent a
bottleneck that reduced population size enough to drastically reduce mt variation,

while substantial nuclear variation was retained.

Biogeographic history and patterns of genetic similarity

I present the results of phenetic (UPGMA) analyses of cytb sequences and
allozyme frequency variation in order to illustrate patterns of differentiation among
populations and groups of populations of central Texas hemidactyliines and to
examine the relationship between genetic differentiation and geographic proximity.
I draw no dircct phylogenetic conclusions from these analyses (see Phylogenetic
Analyses, below). 1 will make general inferences regarding the possibility or
relative magnitude of gene flow among particular populations and groups of
populations based primarily on occurrence of large genctic distances and especially
fixed differences; more detailed, hicrarchical analyses of gene flow are beyond the
scope of this paper and will be presented elsewhere. UPGMA trees for both the
allozyme and sequence data (Figs. 3 and 5) reflect the high degree of genetic
subdivision present in the group, particularly with respect to the groups of
populations and taxa from north versus south of the Colorado River. The large
number of sequence substitutions between the northern and southern groups,
coupled with numecrous fixed or near-fixed allozyme differences, indicate that

populations arc isolated from cach other and probably have been for a long period
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of time. This conclusion is reinforced by the results of flow cytometric studies of
nuclear genome size: C-values (nuclear DNA mass) are 12-13 % higher on average
for members of the northern group than the southern group, and there is no overlap
in C-value distributions for the two groups (Chippindale and Lowcock,
unpublished, Licht and Lowcock, 1993 [note that Licht and Lowcock erroneously
listed the mean C-value for members of the northern group as 25.8 rather than 28.5,
and identified members of the northern group as native to "north Texas"]). While
recognizing the potential of the Colorado River as a barrier to gene flow, Sweet
(1978a, 1982) identified the few northern populations known then as E. neotenes
(whose type locality is in Bexar Co., in the southern region) due to the high degree
of morphological similarity of most surface-dwelling populations from the northern
and southern arcas. Based on the molecular data, members of the northern group
represent strongly differentiated, long-isolated species (sec Taxonomic
Implications, below). The Colorado River is thought by many to be one of the
oldest features of the Edwards Plateau (Abbott 1975, Sweet 1978a, Veni and
Associates 1991), and has probably cut down through the clevated limestones of
the plateau throughout its existence, dividing the Edwards (Balcones Fault Zonc)
Agquifer into two major sections with little or no hydrologic connection (Slade et al.
1986). Thus it is not surprising that salamanders from cither side of the river are
strongly differentiated; this pattern of vicariant isolation by waterway also has been
observed in other groups of salamandecrs (c.g Good and Wake 1993). Veni and
Associates (1992) examined distributions of troglobitic invertebrates (almost all
terrestrial), and found that of 38 specics found in the Jollyville Platcau region just

north of the Colorado, only two occur south of the river as well. Many of the same
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factors that limit the distributions of these organisms are likely to affect the central
Texas salamanders, because the occurrence of salamanders is extremely closely tied
to subterranean aquatic systems and the immecdiate areas of their spring outflows
(e.g. Sweet 1982). Thus a major (deeply incised) surface waterway or other
subterranean impermeable barrier likely will serve to prevent gene flow for aquatic

troglobites, perhaps even more so than for terrestrial forms.

The above observations may explain the relatively high degree of
divergence of salamanders from the Lake Georgetown spring cluster in the northern
region; Veni and Associates (1991) identified Brushy Creck and the south fork of
the San Gabricl River, both south of the Lake Georgetown area, as major barriers to
genc flow in troglobitic invertebrates. However, this does not explain the relatively
high degree of similarity of in allele frequencies and cytb sequences between
populations from northeast of the Lake Georgetown area (Bat Well and Salado
Springs) and populations south of the Lake Georgetown clusicer (Jollyville Plateau,
Round Rock, Cedar Park Caves). In this instance, similarity may not reflect closce
relationship, since phylogenctic analysis of combined allozyme and DNA data
wiith differential weighting (Fig. 7) places the northeasternmost groups together,

albeit with weak support.

The UPGMA trees also illustrate the relatively high levels of genetic
divergence of the taxa from the San Marcos Pool of the Edwards Aquifer in Hays
Co. (southern region). T. rathbuni and E. nana clearly are distinct specics isolated

from gene flow with other populations examined (for the latter specics, this
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conclusion is based primarily on allozymes). This result is consistent with the
occurrence of numerous other endemic species of aquatic vertebrates, invertebrates,
and plants at San Marcos (e.g. Holsinger and Longley 1980), and likely is related to
the high degree of isolation of the San Marcos Pool of the Edwards Aquifer from

the remaining southern portions of the aquifer (e.g. Potter and Sweet 1981).

The phenctic subdivision of members of the southern group exclusive of the
San Marcos taxa (7. rathbuni, plus E. nana for allozymes) into southcastern and
southwestern components corresponds roughly to the eastern versus western
drainages of the southern plateau region, all of which are of more recent origin and
less deeply incised than the Colorado River (e.g. see Sweet 1978a, 1982, and Veni
1994). The southeastern and southwestern groups arc not as strongly differentiated
from one another as are the northern and southern groups, or the San Marcos taxa
compared all others: most of the allozyme-based differentiation constitutes allele
frequency variation rather than fixed differences. However, lack of current gene
flow between the regions is especially apparent based on the mitochondrial
haplotype differences that separate all southeastern populations from all

southwestern ones.

In nearly every case (excluding the San Marcos taxa) populations that
display the highest degree of similarity in allozyme frequencies are those that are
geographically close to one another, especially those that share a particular
drainage system (e.g. the E. pterophila group of the Blanco river drainage and E.

tridentifera of the subterrancan Cibolo Creck drainage). This also is apparent for
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many populations from the northern region, with the exception of Salado Springs
and cave populations from this area. The latter appear based on phenetic analyses
of allozyme data scattered throughout the northern portion of the tree (Fig. 3). The
phenetic analysis of the sequence data yields more coarse-grained results, in part
due to the more limited sampling and in part due to the lack of substantial variation
in the southeastern region. Based on cytb sequences, the same major groups are
present as in the allozyme-based analyses (cxcept for E. nana, part of the
southeastern group based on scquence data alone). In a few cases within the
northern and southwestern groups sequence similarity does not correspond directly
to geographic proximity. This occurs in the northern region for Salado Springs (as
is the case in the allozyme-based phenogram) and Bat Well, and in the
southwestern region for 176 Spring, Tucker Hollow Cave, and Greenwood Springs.
However, in most cascs the greatest sequence similarity is seen in geographically
proximal populations regardless of whether they occur in springs or caves. Thus, if
similarity reflects close relationship (and in most cases here it does appear to; see
Phylogenetic analyses, below), both the allozyme and sequence data support

multiple origins of subtcrranean dwelling throughout the Edwards Platcau region.

Of the non-San Marcos southeastern populations, only peripheral ones from
the northeastern edge of the area display substantial sequence difterentiation, E.
sosorum from Barton Springs in Travis Co. and the recently-discovered populations
from springs along the Pedernales River in Travis Co. E. sosorum likely is strongly
isolated, duc in part to the existence of a groundwater divide between the Barton

Springs portion of the Edwards Aquifer and the remainder of the southern Edwards
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Aquifer (Slade et al. 1986). The Pedernales populations are located in an isolated

outcrop of Cow Creek limestone and there is little potential for direct connection of

this aquatic system with other drainages known to be inhabited by Eurycea.

Time scale for origins and diversification of the central Texas hemidactyliines
Estimates for times of invasion of central Texas by plethodontids vary, but

the carliest estimates for radiation of plethodontids from a presumed Appalachian
center of origin are early Tertiary, with establishment of many North American
genera by mid- to late-Tertiary (Wake 1966, Larson 1984). More recent fossil
evidence supports the lower (oldest) end of this estimate for origins of genera in the
tribe Plethodontini, indicating that Plethodon (presumably the western lincage) and
Aneides had split from a common ancestor by the early Miocene (Tihen and Wake
1981). Sweet (1978a) and Potter and Sweet (1981) agreed with Wake (1966) that
some Edwards Platcau cave habitats would have been available for invasion by
salamanders in Miocene times, and summarized evidence that the Edwards Platcau
was uplifted during the Eocene (and thus presumably available for colonization by
hemidactyliines), much earlier than assumed by most previous workers. While 1
am skeptical of the existence of a “molecular clock™ (or at least the ability to make
meaningful calibrations given available data; see Moritz and Hillis 1990), I
nonctheless compared the levels of allozyme and mtDNA divergence observed here
with allozyme and albumin immunological distances (AID's), and estimated
divergence times, calculated by Larson ct al. (1981) for members of the tribe
Plethodontini. I also considered cytb sequence divergences obscrved for

plcthodontines by Moritz et al. (1992). For allozymes, | compared the molecular



39

distance from this study corresponding to the inferred deepest split in the Texas
hemidactyliines (northern versus southern groups; see also Phylogenetic Analyses,
below) with mean Ds and the inferred time of splitting between western Plethodon
and Aneides. The resulting estimate puts the north-south division at roughly 26
MYA. I also compared the maximum uncorrected sequence distance of Moritz et
al. (corresponding to the division between Ensatina and Aneides/Plethodon) to the
mean uncorrected sequence distance for northern to southern groups in the Texas
hemidactyliines. I then calibrated this against the Larson et al. (1981) AID estimate
of divergence time for the plethodontine genera; this places the north-south
division at about 47 MYA. This (very large) range spans roughly the mid-Eocene
through the mid-Oligocene, consistent with the biogeographic scenarios proposed
by Wake (1966), Sweet (1978a), and Potter and Sweet (1981). However, the
potential for compounding of errors is so great that this result should be viewed
with great caution. Furthermore, an internal calibration using relatively robust
estimates for the earliest development of subterranean habitat for E. rridentifera
yields a very different result. To do this, I assumed that the carlicst time of
divergence of this taxon from other southeastern Eurycea was probably less than 1
MYA:; I based this on times of cave development (sec Veni 1994 and below) and
made the assumption that E. tridentifera did not represent a distinct lincage before
subterrancan habitat became available. I then calibrated allozyme-based Manhattan
Ds between the northern and southern groups against Ds between E.tridentifera and
other southeastern populations. This places the north-south division at only about 4
MYA, assuming a linear relationship between genetic distance and time. Given the

(more than tenfold) variation in estimates of divergence times described above, all
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that I can suggest is that the deepest divergences in the Edwards Platcau
hemidactyliines probably are old, certainly much older than the Plio-Pleistocene
events suggested by Blair (1958, 1965) and Mitchell and Smith (1972) if the lower

boundary of 4 MY A for the north-south split is correct.

Phylogenetic analyses , taxonomic implications, and hybridization

To assess the biogeographic scenarios proposed above, and to understand
the evolution of life history strategies such as perennibranchiation and cave-
dwelling, a phylogenetic framework is essential. I chose to use parsimony methods
to reconstruct the evolutionary history of the central Texas hemidactyliincs,
because these methods are widely favored, easy to implement, and generally
perform well under a wide range of conditions such as branch length inequalities
(e.g. see Swofford and Olsen 1990, Huclsenbeck 1995). I believe that the best
estimates of phylogeny are derived from treatments of the data that incorporate as
much information as possible about both evolutionary processes and character state
frequency variation. The former is borne out by simulation studies which suggest
that, in general, the more realistic evolutiorary parameters that can be incorporated
into character coding and weighting, the more likely it is that the correct tree will
be recovered (c.g. Hillis et al. 1994, Huelsenbeck 1995). While the application of
frequency information in parsimony analysis has been controversial (c.g. sce Buth
1984, Crother 1990), Swofford and Berlocher (1987) and Wicns (in press) make
compelling arguments in favor of its use. The Manhattan distance/step matrix
approach allows use of allcle frequency information on a locus by locus (i.c.

individual character) basis while avoiding the peculiar sampling properties of some
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other commonly used genetic distances, such as Nei’s (1972) D (Hillis 1984, Frost
and Hillis 1990). D. Swofford (personal communication) has pointed out that this
method (which he and S. Berlocher developed simultaneously and independently
from J. J. Wiens, D.M. Hillis and me) is equivalent to use of Swofford and
Berlocher's (1986) MANOB criterion, previously deemed computationally
impractical. My choice of differential weighting schemes for the sequence data
(Rodrigo’s 1992 correction of Wheeler’s 1990 combinatorial weighting method)
allows incorporation of more detailed information on patterns of nucleotide change
than would a simple transition versus transversion treatment. Examination of table
2 indicates that, while transitions apparently arc more common than transversions
(as is usually the case), within each class of changes not all substitutions occur with
cqual frequency. The fact that I had to render the step matrices symmetrical in
order to attain sufficicnt speed of computation reduces the level of “fine-tuning”
that is possible. However, Hillis et al. (1994) demonstrated in simulation studics
that symmetric stcp matrices perform substantially better in recovering the true
phylogeny than docs no differential weighting of change probabilities (although
not as well as asymmetric step matrices).

The issuc of whether or not to combine data sets in phylogenctic analysis
has been the subject of considerable recent controversy (reviewed by Miyamoto
1995 and Hillis 1995). T have argued strongly in favor of data combination, with
application of appropriate differential weights (reflecting inferred probabilitics of
changce among states) on an individual character basis (Chippindale and Wicns

1994, Wiens and Chippindale 1994). Most workers agree that it is desirable to
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examine trees constructed based on both separate and combined analyses, and I
consider the results of both kinds of analyses here. My “preferred” hypothesis of
phylogeny based on these analyses is that derived from combination of the
allozyme and DNA data, the former treated with frequency-based coding and the

latter with combinatorial weighting and codon position partitioning.

In general, the major regional similarity groupings identificd by UPGMA
analyses of the allozyme and DNA data appear in the phylogenetic trees as
monophyletic assemblages, and all analyses (except DNA only without differential
weighting) provide moderate to very strong support for the monophyly of the
central Texas group. There is very strong support based on nearly all treatments of
the data for the monophyly of the northern group, and it is clear (as discussed
above) that these populations do not represent the species E. neotenes. 1 belicve
(based on molecular, morphological, and biogcographic evidence) that there are at
least three separate species in the northern group; more detailed information is
presented in Chapter 3 and formal descriptions of these species will be presented by
Chippindale ct al.(in prep.). The basal split between populations of Eurycea from
north versus south of the Colorado River in all analyses (except the allozymes-
alone heuristic search) is consistent with the view of the Colorado as an ancient,
strong barrier to gene flow that has divided the group into two major clades. T.
rathbuni appcars as embedded within the Texas Eurycea in all analyses, and thus I
concur with Mitchell and Reddell (1965) and Mitchell and Smith (1972) that
members of the genus Typhlomolge should be considered Eurveea, and will refer to

them as such in the remainder of this chapter. (Sce Chapter 2 for a more detailed
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treatment of the status of the genus Typhlomolge). All analyses based on either
DNA alone or combined data indicate a sister taxon relationship between E.
rathbuni (plus, presumably, E. robusta, which was unobtainable) and the remaining
members of the southern group. This result supports an early divergence for the
ancestor of E. rathbuni and E. robusta; implications of this with respect to
morphology and life history will be discussed below. The other San Marcos taxon,
E. nana, is more problematic (see Chapter 2 also), and its placement varies
depending on which subset of the data is used. The sequence data place it within
the southeastern group, not surprising given the minimal sequence divergence it
displays, and all combined data treatments provide strong support for this specics
either within or sister to the southeastern group (San Marcos is located in the
southeastern Edwards Plateau region but in many respects exhibits a unique aquatic
fauna; c.g. see Holsinger and Longley 1980). However, its high level of
divergence based on allozymes leads to an odd resuit in which it is placed outside
all other central Texas hemidactyliines bascd on a heuristic search using the
allozyme data alonc. 1 place little faith in this result because the decay index for
this node is low, and bootstrap analysis of this subsct of the data yiclds a different
placement. However, such a result suggests that the analysis I used for the
allozyme data may be sensitive to long branch effects (a well-known problem in
phylogenetic analysis; ¢.g. Felsenstein 1978), and invites further investigation of

the propertics of this method.

Nearly all phylogenetic analyses support the existence of monophyletic

southeastern and southwestern groups (although actual character support for
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monophyly of the southwestern group is weak; see Chapter 3 for details). Beyond
this, there is little support based on the phylogenetic analyses for any particular
pattern of relationships within the major groups that I have identified (for all
treatments of the data, within-group bootstrap values are nearly all below 70%, the
level identifed by Hillis and Bull [1993] as corresponding to a 95% probability that
the clade is real). My intention here is not to address relationships or taxonomy at
this level in great detail (see Chapter 3 for such a treatment). For this reason, [ am
not too concerned here about the above-described uncertaintics, nor that a few of
the population groupings that I used for phylogenetic analysis (listed in Appendix 1
and illustrated in Fig. 12) may not be monophyletic; the key point is that these
groups cluster with others drawn from the same geographic region in nearly every
analysis, and do so in every analysis for which there is strong support for the nodes

uniting members of the major groups.

With respect to taxonomy, none of these analyses support the previous
recognition (e.g. Baker 1961, Brown 1950, 1967, Sweet 1978a, 1982, 1984) of E.
neotenes as widespread throughout the region, if the other currently accepted
named taxa are also recognized. I restrict the E. neorenes group to springs in the
arca of the type locality at Helotes Creek, Bexar Co., resurrect the name E.
pterophila Smith and Potter 1950 for Blanco River drainage populations, continue
to recognize the species E. tridentifera, E. sosorum, and E. nana, and suggcest that
many more, as yct unnamed species exist. All named specics in the group occur in
the southeastern region except E. troglodytes Baker 1957, from Valdina Farms

Sinkhole in Medina Co. The name of this taxon (which may now be extinct due to
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habitat modification [Veni and Associates 1987, G. Veni pers. comm. to PTC]) was
synonymized by Sweet (1978a, 1984) with both E. neotenes and E. tridentifera
because he considered this population a hybrid swarm. Although allozyme data are
not available, cytb sequences place this population within the southwestern region,
where it occurs geographically. Given the maternal inheritance of the mt genome,
there conceivably could be male-based flow of genes (in the form of E. tridentifera
from the southeast, one of the putative parent species), and thus the population
could still consist of hybrids. However, I doubt this, because the other putative
hybrid taxon whose name was synonymized by Sweet, E. latitans, appears not to
be a hybrid between E. tridentifera and surface Eurycea based on the allozyme data
(although this is limited primarily to evidence from one locus). The geographic
location of populations of E. latitans is much closer to the known range of E.
tridentifera than is that of E. troglodytes, and gence flow in the hydrologic system of
this arca scems much more plausible than between this region and the portion of the
southwestern region in which E. troglodytes occurs, 75 km distant from the known
range of E. tridentifera. For these reasons, I resurrect the names E. troglodvtes and
E. latitans. At a minimum the name E. rroglodytes should apply to the Valdina
Farms locality, but could be extended to include all members of the southwestern
group pending formal description of other species in the region. E. latitans applics
at least to populations of the Cascade Caverns system of Kendall Co., and here [
include several other populations in the arca as members of an informal (and

possibly non-monophyletic) “E. latitans group” (scc also Chapter 3).
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Patterns of morphological and molecular evolution and
the origins of cave-dwelling and perennibranchiation
Wake et al. (1983), Larson (1984), Wake (1992), and Larson and
Chippindale (1993) discussed the phenomenon of morphological evolutionary
stasis (the situation in which there is lack of morphological differentiation despite
substantial divergence as measured by molecular markers) in plethodontid
salamanders. This apparent uncoupling of rates of evolution in genes that govern
morphology versus others has been especially well documented in this group, and
in almost every case in which a widespread “species” of plethodontid has been
studied using molecular techniques, multiple species have been found to exist (for
reviews see Larson 1984 and Larson and Chippindale 1993). Stasis appears to
characterize many of the central Texas hemidactyliines, given the high degree of
similarity in external morphology among many surface populations (Sweet 1978a,
1982, Chippindale et al. 1993, Chapter 3, Chippindale unpublished) despite
molecular divergences that may be very large (especially those corresponding to the
Colorado River division). From a parsimony perspective one can argue that the
similaritics in body form among many spring populations represent retention of
ancestral features rather than parallelisms or convergences, consistent with the
hypothesis of stasis. The conditions believed by Larson (1984) to promote stasis in
plethodontids -- populations that are large and occupy similar habitat but are
strongly isolated from one another -- typify the central Texas hemidactyliine
assemblage. Because similar conditions appear to be present in most springs
inhabitated by salamanders in the Edwards Platcau region (Sweet 1982), stabilizing

sclection may act (o maintain a particular narrow range of morphologies.
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However, the situation for the Texas hemidactyliines is particularly complicated,
because in addition to the many instances of morphclogically similar spring
populations that exhibit varying degrees of molccular divergence, there also arc a
few spring populations that are substantially differentiated morphologically yet
show relatively low levels of detectable molecular divergence; examples include E.
sosorum from the southeastern region (Chippindale et al. 1993) and the Salado
Springs population from the northern region (Chapter 3). There also is one spring-
dwelling taxon (E. nana) that is highly divergent from all others at the molecular
level based on allozymes (but not mtDNA) and substantially divergent in

morphology (Chapter 2).

Mitchell and Smith (1972), Sweet (1978a, 1984) and Potter and Sweet
(1981) provided detailed descriptions and morphological analyscs of the cave
populations, and here the situation becomes even more complex. While the taxa
gencrally considered to exhibit the most extreme cave-associated morphologics (the
two members of the former genus Typhlomolge, here considered E. rathbuni and E.
robusta) appcar bascd on the analyses presented here to have diverged from other
southern Edwards Platcau Eurycea long ago, the taxon considered the next most
extreme in troglobitic morphology, E. tridentifera, cxhibits relatively little
molecular divergence and phylogenetic analyses place it within or sister to the
southeastern group. Morphological similarities between E. rathbuni and E.
tridentifera arc great enough that Wake (1966) initially considered E. tridentifera a
member of the genus Typhlomolge (based on very limited numbers of specimens).

As discussed above, Potter and Sweet (1981) belicved there was ample geologic
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evidence that the ancestor of E. rathbuni and E. robusta could have entered caves
in Miocene times or earlier, as originally suggested by Wake (1966). Other
workers (e.g. Mitchell and Smith 1972) have argued that caves could not have
developed in the area until much later (Plio- or Pleistocene times), which would
suggest a more recent origin for the morphological extremitics exhibited by these
taxa. However, the very diverse subterranean invertebrate fauna at San Marcos,
which includes many taxa thought to be relicts of marine forms that occurred in the
region prior to uplift of the Edwards Plateau (Holsinger and Longley 1980,
Holsinger 1988), suggests that an underground aquatic system in the San Marcos

region capable of supporting abundant lifc may indeed be very ancient.

Multiple methods for estimation of cave age place the lower (oldest)
boundary for formation of caves inhabited by E. tridentifera in the Cibolo
Creck/eastern Guadalupe River drainages at 1.2 MYA (Veni 1994), and
development of a cave system suitable for invasion by aquatic organisms probably
had not occurred until less than 1 MYA (Veni 1994 and pers. comm.). Thus, it
appears that the complex of features associated with cave-dwelling (c.g. cye
reduction, pigment loss, limb elongation, broadening and flattening of the skull,
and shortening of the trunk) can evolve relatively rapidly, as suggested by Mitchell
and Smith (1972). Estimates for ages of other salamander caves in the Edwards
Plateau region vary, but most also appcar to have been of Pleisivcene or at most
Pliocene origin (Veni 1994, Veni and Associates 1992, Mitchell and Smith 1972,
Russell 1993), and Sweet (1978a, 1984) considered the caves inhabited by E.

tridentifera the oldest in the southern region exclusive of those at San Marcos.



49

Nearly all northern cave salamander populations were discovered very recently, and
thus their origins have not been addressed by previous authors. The most extreme
troglobitic morphologies in the north arc seen in members of the informal
Buttercup Creek Cave group that I recognize here; estimates for the development of
this cave system are rough, but openings to the surface may not have been present
until 120 - 140 ka (Abbott 1984; see also Veni and Associates 1992). Another
extreme troglobite existed in Salamander Cave in the Jollyville Platcau region of
the north (Sweet 1978a, 1984; the cave is now built over and the specimens are
lost); caves in this area may be older, some possibly even of Miocene origin (Veni

and Associates 1992).

Previous workers (¢.g. Mitchell and Smith 1972, Sweet 1978a, 1982, 1984)
have argued that cave-dwelling central Texas hemidactyliines probably arose from
surface-dwelling ancestral lineages that independently retreated underground as
surface conditions became unsuitable. The relatively frequent occurrence of spring
drying presumably lcads to sclection for the ability to survive extended periods in
subterranean habitat (see below for details); thus arguments for multiple origins of
subterranean living scem at least plausible. Geological considerations also suggest
that numerous independent invasions of cave habitat have occurred. Cave systems
in each of the major geographic regions inhabited by the central Texas
hemidactyliines almost certainly developed independently, in many cascs at
different times (see above discussion of the geological history of the region for
details). With the exception of some caves in the southeastern region, direct

hydrological conncctions among cave systems are extremely unlikely ever to have
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been present (see also Sweet 1978a). Thus, it seems likely that the ancestor of at

least some of the Texas Eurycea was a relatively widespread surface-dweller.

Despite the apparent plausibility of the above scenario (repeated invasions
of cave habitat by surface dwellers) given the geological history of the Edwards
Plateau, it is difficult to support the argument that surface-dwelling is the primitive
condition for the group based on phylogenetic considerations. Using the preferred
phylogenetic hypothesis for the group, I plotted the minimum number of transitions
to cave habitat assuming a surface-dwelling ancestor (Fig. 13). These suggest at
least ten habitat shifts in total. I then plotted the minimum number of shifts to
surface-dwelling, assuming a subterranean ancestor and allowing subscquent
reversals to cave-dwelling (Fig. 14). Under this scenario, only nine shifts (steps)
arc required: two transitions from cave- to surface-dwelling and seven subscquent
reversals to cave-dwelling. If reversals are not allowed, at least 14 steps are

required to explain cave to surface transitions in the context of this phylogeny.

Thus, consideration of phylogeny alone fails to support the hypothesis that
surface-dwelling is the primitive condition for the group; support for a subterrancan
ancestor 1s actually slightly better (i.c. requires one fewer step). Of course, in
plotting hypothetical habitat shifts on the tree, I assumed that the probabilitics of
moving from surface to cave habitat, and from cave to surface, are cqual, and for
the reasons given above I doubt that the latter is as likely. In any casc, the most

parsimonious scenario still involves numerous reversals o cave-dwelling and thus
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the potential for convergent or parallel evolution of morphologies after the

hypothetical reentry into subterranean habitat.

The evidence for multiple origins of cave-dwelling (whether due to habitat
shifts from an original surface-dwelling ancestor or multiple reversals to the
subterranean condition) is consistent with Sweet's (1978a, 1984) hypothesis of
widespread parallelism or convergence in morphology (including eye reduction,
pigment loss, and in some cases broadening and flattening of the skull, lengthening
of limbs, and shortening of the trunk) among cave-dwelling Edwards Plateau
salamanders. (Alihough under the cave ancestor/later reversal hypothesis, this
requires the assumption that cave-associated morphologies recvolved after the
hypothetical second entrics into subterranean habitat). On a broader phylogenctic
scale in hemidactyliines, morphological parallelism or convergence also may have
occurred: E. rathbuni bears a striking resemblance (cxternally) to Haideotriton
wallacei, from caves in Florida and Georgia, yet probably is quite distantly related
(and the likelihood of subterranecan connections between the habitats of the two
laxa is extremely low). Whether such convergences in morphology are the result of
sclective forces, relaxation of selection, or some combination of the two (all
resulting in "regressive” morphological evolution; sce Culver 1982, Holsinger
1988, and references therein) is unclear. There is evidence, however, of parallel
sclection for somc morphological featurcs associated with cave dwelling (especially
cyce reduction) in other troglobites (e.g. sce Jones and Culver 1989, Jones et al.

1992, and review by Culver 1982).
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Evolution of perennibranchiation in the central Texas Eurycea also remains
problematic. Bruce (1976) suggested that for these salamanders there is selection
for attainment of reproductive maturity at an early age, and thus mature animals are
small and have a high surface:volume ratio. Given the arid conditions surrounding
most Edwards Plateau region springs, this could in turn lead to sclection for
permanent aquatic living. Sweet (1977, 1978a) suggested that salamanders with
larval morphologies are better cquipped to retreat into underground waters when
surface springs dry, especially with respect to mechanics of the feeding apparatus.
Sweet (1977, 1978a, 1986) regarded the few naturally transforming populations of
central Texas Eurycea (all from what we call here the southwestern region) as
relicts that retained the ability to metamorphose due to their occurrence in an arca
of mesic canyons, where movement on land presumably is not severely limited by
extremes of dryness as it is elsewhere in the Edwards Plateau region, and springs
flow reliably throughout the year. This view clearly is not parsimonious (bascd on
the phylogenetic reconstructions presented here) if transformation is viewed as a
single character and loss of the ability to do so is considered a singie state of this
character. Under this scenario, and given our preferred phylogenetic hypothesis of
((north)(E. rathbuni(nana(southecast) (southwest)))))), retention of the ability to
transform in some southwestern populations would require numerous independent
origins of perennibranchiation in the other members of the group. In the context of
the preferred phylogenetic hypothesis (Fig. 7A) at lcast nine independent origins of
perennibranchiation would need to have occurred, as opposed to two reversals to
transformation given a perennibranchiate ancestor for the group. However, the

view of transformation as a single character probably is unrealistic. Dueliman and
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Trueb (1986) reviewed the phenomenon of perennibranchiation (which in
salamanders they generally attributed to neoteny, i.e. retarded somatic maturity)
and pointed out that transformation involves a pathway which can fail at various
steps. Shaffer (1984) demonstrated that perennibranchiation in Mexican
ambystomatids had arisen independently in multiple lineages (although the genetic
basis was not known), while Harrison ct al. (1990) showed that the genetic basis of
perennibranchiation varies among populations of Ambystoma talpoideum. In the
central Texas Eurycea, different populations and taxa exhibit a range of responses
to thyroid hormones, the inducers of metamorphosis. Potter and Rabb (1960)
induced metamorphosis in E. nana, and Kezer (1952 ) did so for what he
considered E. neotenes (the status of the Bexar Co. populations that he used is
uncertain, and could represent members of what we call the E. latitans group; bascd
on their location these populations almost certainly belong to the southeastern
clade). Other members of the group (E. rathbuni, E. tridentifera) undergo only
partial metamorphosis when treated with thyroxin (Dundee 1957, Wake 1966,
Bogart 1967). Among the many populations that Sweet (1978a, 1982, 1984)
assigned to E. neotenes, there was considerable variation in response to thyroid
hormones in preliminary experiments (Sweet, pers. comm.). All of this suggests
that there may be multiple genetic bases for loss of transformation in the central
Texas Eurycea, and precludes a simple interpretation of the evolution of
perennibranchiation cven in light of a fclalivcly robust phylogeny for the group,
although the simplest (most parsimonious) explanation given currcntly available
information is that perennibranchiation is the primitive condition. It might be

possible to identify the number of diffcrent mutations responsible for loss of
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transformation by relatively simple genetic studies, but this will involve captive
breeding of these salamanders. Various workers (e.g. Roberts et al. 1995) are
developing methods for captive maintenance and breeding of members of the

group, so prospects for future genetic and developmental studies are encouraging.

Species diversity and conservation issues

My investigations of the spring and cave-dwelling Eurycea of the Edwards
Platcau region of central Texas have revealed considerable diversity in the group.
and indicate that there are many distinct species inhabiting the numerous islands of
cave and spring habitat that are scattcred through the area. Many are characterized
primarily by the molecular markers that I have identified, a few arc distinguished
largely based on morphology, some are differentiable based on both molecular and
morphological criteria, and others likely are isolated from gene flow based
primarily on geographic and hydrologic considerations. I consider any rcasonable
evidence that a population or interbreeding group of populations has embarked on a
unique evolutionary trajectory (and is unlikely to substantially cxchange genes with
other such lincages in the foresecable future) as potential evidence that it is a
distinct species. In doing so, I follow the evolutionary specics concept as
advocated by Wiley (1978) and Frost and Hillis (1990); scc Chapter 3 for further

discussion of species concepts.

In the Texas Eurvcea, geographic isolation in islands of suitable habitat has
facilitated identification of species boundarics in some cases. Lincages that are

restricted to one locality or a few nearby interconnected sites and exhibit diagnostic
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markers or combinations of markers clearly represent distinct species; examples
include E. nana, E. sosorum, and E. rathbuni, all of which satisfy nearly any
criterion for recognition as separate species (except reproductive compatibility,
which has not yet been tested). The highly differcntiated northern populations
definitely warrant taxonomic recognition as a distinct group that appears to consist
of several species. I believe that there probably are many additional species within
several of the groups that we informally recognize, particularly the relatively
widespread "E. latitans group” in the southeast and the even more widespread
"Carson Cave group” in the southwest. These are informal groupings based
primarily on phenetic criteria, and additional sampling and study of molecular and
morphological characters is needed to clarify species boundaries in these

assemblages.

Unfortunately, even as we are discovering the rich diversity in the Edwards
Plateau Eurycea, the existence of many members of the group is bccoming
increasingly threatened. Within the northern group, most populations of the
Jollyville Plateau salamander occur in rapidly expanding northwest Austin, and
most are likely to be destroyed by human activitics in coming decades, while other
newly discovered specics in the north also face serious threats to their existence
(Pricc et al. 1995). Eurycea sosorum, known only from a popular spring-fed
swimming hole in downtown Austin, appears to have undergone a precipitous
decline since the 1960's (Chippindale ct al. 1993), and rccent surveys (R. Hansen,
pers. comm.) suggest a large reduction in numbers even since 1992; its proposed

listing as a Federally Endangered Species still is pending after three years of
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consideration. Increasing human demands on the waters of the southern Edwards
Aquifer threaten to stop the flows of San Marcos and Comal Springs in the
relatively near future, which likely would cause the extinction of the species of
salamanders that inhabit these springs. Effects of a drop in aquifer levels on cave-
dwellers, including the unique troglobite E. rathbuni, are uncertain but could be
disastrous. The loss of salamander species diversity through habitat modification
and destruction undoubtedly will be accompanicd by loss of other organisms (many
still undiscovered) that depend on the same aquatic habitats. Thercfore, further
study of specics boundaries and relationships in the central Texas Eurycea is not
only essential for an understanding of the evolutionary history of this group, but
fundamental to identification of unique cave and spring ecosystems of the region

that are most critically in need of protection.
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Table 1. Electrophoretic conditions used to resolve products of 25 enzyme-encoding loci in
central Texas hemidactyliine plethodontid salamanders, plus outgroup taxa. Refer to Murphy
ctal. (1990} for composition of buffers 1, 3, 4, and 5, and Chippindale (1989) for composition
of buffer 2. 1 = Tris-citrate II; 2 = "Poulik"” pH 9.5; 3 = Tris-borate-EDTA pH 8.6; 4 = Tris-

citrate-EDTA pH 7.0; and 5 = Tris-borate.

Aconitate hydratase 1

Adenylate kinase

Aspartate aminotransferase (cytosolic)
Creatine kinase 1

Creatine Kinase 2

Cytosol aminopeptidase
Glucosc-6-phosphate isomerase
Glutathione reductase
Glyceraldchyde-3-phosphate dehydrogenase
Glycerol-3-phosphate dehydrogenase
Isocitrate dehydrogenase 1

Isocitrate dehydrogenase 2

Lactate dehydrogenase A

actate dehydrogenase B

Malate dehydrogenase 1

Malate dehydrogenase 2
NADP-dependent malate dehydrogenase 1
Mannose-6-phosphate isomerase
Peptidase A (glyeyl-1-leucine substrate)
Peptidase B (1.-leucylglyeylglycine sub.)
Peptidase DD (1.-phenylalanyl-1.-proline sub.)
Phosphoglucomutase

6-Phosphogluconaic dehydrogenase
Pyruvate kinase

Superoxide dismutase (cytosolic)

Abbreviation E.C. number Electrophoretic

conditions
ACOH-1 14213 1
AK 2743 14
AAT-S 2.6.1.1 5
CK-1 2.73.2 1
CK-2 2732 1
CAP 3.4.11.1 1
GPI 53.19 2
GR 1.642 |
GAPDH 1.2.1.12 3
G3PDH 1.1.1.8 3
IDH-1 1.1.1.42 1
IDH-2 1.1.1.42 1
LLDH-A 1.1.1.27 5
L.LDH-B 1.1.1.27 3
MDII-1 1.1.1.37 1
MDH-2 1.1.1.37 1
MDHP-1 1.1.1.40 1
MPI 53.18 2
PEP-A 3407 3
PLEP-B 3427 I
PEP-D 34139 1
PGM 5422 3
PGDH 1.1.1.44 4
PK 2.7.1.40 4
SOD-§ 1.15.1.1 2
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Table 2. A. Occurrence of observed alternative nucleotides in partial mitochondrial
cytochrome b sequence, summarized by codon position. Values in cells represent
total number of observations of combinations of alternative nucleotides (or
invariant nucleotides) summed across the indicated positions. B. Transformation
matrices calculated from the observed nucleotide changes, scaled to 100 for
cquivalence with allozyme frequency data; i = undefined value. To construct step
matrices for parsimony analysis, values were averaged across the diagonal to vield
symmetric step matrices (sec text for details).

A. B.
Alternative Codon position Codon position 1:
nucleotide
combination 1 2 3 Nucleotide
A C G T
A 24 21 15
C 16 25 4 A ---- 50 46 70
G 25 18 0 C 78 - 99 39
T 31 41 4 G 70 100 -—--- 100
AC 3 0 0 T 100 32 100 -
AG 4 2 11
AT 1 1 1
CG 0 0 0 Codon position 2:
CT 8 6 48
GT 0 0 0 Nucleotide
ACG 1 1 4 A C G T
ACT 1 0 15
AGT 1 0 7 A -—— 100 58 100
ACGT 0 0 7 Cc 100 - 100 54
G 62 100 - i
T 89 4 1 e

Codon position 3:

Nucleotde
A C G T

---- 64 29 65

100 ---- 100 17
80 100 - 100
&9 13 & -

HaoO»
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Figure 1.1. Localities sampled for molecular studics of central Texas Furveea.
Filled circles are springs and gray squares arc caves. The hatched line along the
margin of the arca inhabited by salamanders represents the Balcones Fault Zone,

the southern and castern margin of the Edwards Platcau region.
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Figure 1.2. Central Texas counties inhabited by perennibranchiate Furveea.
Locations of major citics or salamander localities in the region arc shown;

city outlines arc greatly simplified.
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Figure 1.3. UPGMA clustering of allozyme-based Manhattan distance for central
Texas Iiurveea. Major geographic regions arce indicated. Numbers in parentheses
correspond to the species and informal species groups that I recognize; these are

shown in Figure 12 and listed in the legend to that figure.
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Figurc 1.4. “Topographic™ map of Manhattan distances among populations and
taxa of central Texas Eurycea, based on the phenetic analysis shown in Fig. 3.

The outline on which genetic distance contour lines are superimposed corresponds
to countics inhabited by these salamanders, as shown in Fig. 2. Choice of distance

increments is arbitrary.
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Figure 1.5. UPGMA clustering of approximate sequence divergence for central
Texas Furycea, based on a maximum of 355 bp of cytochrome b scquence.
Major geographic regions arc indicated. Numbers in parentheses correspond
to the species and informal specices groups that I recognize; these are shown in

Figurc 12 and listed in the legend to that figure.
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Figure 1.6. “Topographic™ map of scquence divergences among populations and
taxa of central Texas [curycea, based on the phenetic analysis shown in Fig. 5.
The outline on which sequence divergence contour lines arc superimposed
corresponds to counties inhabited by these salamanders, as shown in Fig. 2.

Choice of scquence divergence increments is arbitrary.
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Figurc 1.7A. Maximum parsimony trcee based on a combination of allozyme data
(coded using the Manhattan distance/step matrix approach described in the text)
and scquence data (with application of combinatorial weights and codon position
partitioning; sce text for details). This is the single most parsimonious tree that
resulted from a heuristic scarch using PAUP, and represents my “preferred”
hypothesis of relationships in the group. Decay indices are shown for selected

nodcs.
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Figure 1.7B. Bootstrap majority rulc conscnsus tree based on a parsimony
analysis of a combination of allozyme data (coded using the Manhattan
distance/step matrix approach described in the text) and sequence data (with
application of combinatorial weights and codon position partitioning; scc text
for details). Numbers at nodes represent the pereentage of trees (of 100

bootstrap pscudoreplicates) in which a particular group appeared.
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Figure 1.8A. Maximum parsimony trce based on a combination of allozyme data
(coded using the Manhattan distance/step matrix approach described in the text) and
scquence data (without application of differential character weighting). This is the
single most parsimonious tree that resulted from a heuristic scarch using PAUP.

Dccay indices arc shown for selected nodes.
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Figurc 1.8B. Bootstrap majority rule consensus tree based on a parsimony
analysis of a combination of allozyme data (coded using the Manhattan distance/
step matrix approach described in the text) and sequence data (without application
of diffcrential character weighting). Numbers at nodes represent the pereentage off

trees (of 100 bootstrap pscudoreplicates) in which a particular group appeared.
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Figure 1.9. Maximum parsimony tree based on scquence data alone (with
application of combinatorial weights and codon position partitioning: scc text
for details). This is a strict consensus of 90 equally parsimonious tree that resulted

from a heuristic scarch using PAUP. Dccay indices are shown for sclected nodes.
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Figurc 1.10. Maximum parsimony trec based on sequence data alone (without
application of differential character weighting). This is a strict consensus of 88
cqually parsimonious trec that resulted from a heuristic scarch using PAUP.

Decay indices are shown for selected nodes.
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Figurc 1.11A. Maximum parsimony tree based on allozyme data alonc (coded
using thc Manhattan distance/step matrix approach described in the text). This is
the single most parsimonious tree that resulted from a heuristic scarch using PAUP.

Dccay indices are shown for selected nodes.
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Figurc 1.11B. Bootstrap majority rule consensus tree based on a parsimony
analysis of allozyme data alone (coded using the Manhattan distance/step matrix
approach described in the text). Numbers at nodes represent the pereentage of

trees (of 100 bootstrap pscudoreplicates) in which a particular group appeared.
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Figure 1.12. Species and informal groups to which I assign the central Texas
FEurycea studied here. Filled circles represent springs and gray squares represent
caves. The outline within which groups are shown represents the central Texas
countics in which these salamanders arc known to occur, as shown in Fig. 2. Group
numbers correspond to those shown in the phenograms in Figures 3 and 5; specific
details of these localities arc given in Appendix 1. Groups arc as foillows: 1) Lake
Gceorgetown; 2) Jollyville Platcau; 3) Buttercup Creck Caves; 4) Bat Well; 5)
Kretschmarr Salamander Cave; 6) Testudo Tube Cave; 7) Round Rock; 8) Salado
Springs; 9)I. latitans group: 10) Pedernales Springs; 11) I prerophila group; 12)
Comal Springs; 13) . sosorum;, 14) I-. neotenes group; 15) E. tridentifera; 16)
Camp Mystic Spring; 17) Carson Cave group; 18) Sabinal group; 19) 176 Spring;
20) Greenwood Ranch Springs; 21) Tucker Hollow Cave; 22) I, nana;, 23) I-.

rathbuni;, 24) I. troglodyies.
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Figure 1.13. Number of habitat shifts required to explain the distribution of cave-
dwelling in the central Texas Eunrycea, given the preferred phylogenetic hypothesis
shown in Fig. 1.7A. Black bars indicate minimum numbers of invasions of cave
habitat assuming that surface-dwelling is primitive for the group and cave-dwelling
arose independently in multiple lincages. Bars marked with an asterisk are groups

for which only one member (of those examined) is a cave-dweller.
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Figurc 1.14. Number of habitat shifts required to explain the distribution of cave-
dweclling in the central Texas Eurycea, given the preferred phylogenctic hypothesis
shown in Fig. 1.7A. Black bars indicatc minimum numbers of invasions of surface
habitat assuming that cave-dwelling is primitive for the group, surface-dwelling arosc
subscquently, and reversals to cave-dwelling have occurred. Open bars indicate
hypothesized reversals to cave-dwelling. Bars marked with an asterisk are groups

for which only onc member (of those examined) is a cave-dweller.
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CHAPTER 2:

TAXONOMIC STATUS AND DISTRIBUTION OF THE SAN MARCOS
SALAMANDER, EURYCEA NANA, WITH COMMENTS ON THE
TAXONOMIC STATUS OF THE GENUS TYPHLOMOLGE
(PLETHODONTIDAE: HEMIDACTYLIINI)

INTRODUCTION

The San Marcos Pool of the Edwards (Balcones Fault Zone) Aquifer in
Hays Co., central Texas is a well delincated hydrologic system characterized by a
large number of endemic specics of vertebrates, invertebrates, and plants (c.g.
Holsinger and Longley 1980, Longley 1986). These include perennibranchiate
hemidactyliine plethodontid salamanders of the gencra Lurveea and Typhlomo!lge .
E. nana Bishop 1941 was described from specimens collected from the outlets of
San Marcos Springs at the hcadwaters of the San Marcos River, while the extreme
troglobite 7. rathbuni Sticjneger 1896 was described from specimens collected from
the outflow of the nearby, 188 foot decp Artesian Well. Later, a second specices of
Tvyphlomolge, T. robusta, was recognized from a subterrancan water system
northecast of San Marcos (Potter 1963, Potter and Sweet 1981). The status and
distribution of both F. nana and the two recognized specics of Tvphlomolge

continuc to be problematic; here I review the confusion and controversy in the
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literature and attempt to resolve these issues based on molecular and morphological

work that I have conducted with these taxa and other central Texas hemidactyliines.

MATERIALS AND METHODS

Allozyme and DNA sequence data presented here are drawn from a broad-
scale study of relationships of central Texas hemidactyliines; for data and details of
the methodology used for molecular analyses, refer to Chapter 1. Descriptions of
measurements and morphometric analyses used here for investigation of the status
of E. nana are given in Chippindale et al. (1993) along with summary statistics for
the populations uscd and precise localities. Note that of the 11 measures used,
HLB refers to the distance from the tip of the snout to the anterior margin of the
cyc and HLC refers to the distance from the posterior margin of the cye to the first
aill insertion, incorrectly reported by Chippindale et al. (1993). In the
morphometric analyses, I included a total of 127 specimens of Eurvcea, of which
21 were from San Marcos Springs and 19 were from Comal Springs. The
remainder, consisting of five groups (cach from a separate locality) represent what [
consider to be several distinct species from the southeastern Edwards Platcau
rcgion, the geographic arca in which both San Marcos Springs and Comal Springs
arc located. These include the currently recognized named taxa . neotenes and I-.
sosorum, plus what I consider E. pterophila, and a member of what [ informally
call the E. latitans species group (Chapter 3). Molccular analyses (Chapter 1,
summarized in Fig. 1 of this chapter) indicate that the Comal Springs population,

and probably the San Marcos population named as E. nana, belong to a clade of
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hemidactyliines that consists of the populations from the southeastern region
(exclusive of T. rathbuni), and thus Eurycea from this area are the most appropriate

taxa for comparison.

RESULTS AND DISCUSSION

Eurycea nana

Since its description by Bishop (1941), E. nana has continued to be
rcgarded by most authors as a distinct species, although Schmidt (1953) relegated
this salamandecr to the status of a subspecics of the supposedly widespread specics
. neotenes, a taxonomic change that has not been followed by most subsequent
authors and was strongly protested by Brown (1967a). Bishop (1941) limited the
known distribution of this salamander to the lake at the head of the San Marcos
River in Hays Co. (fed by the outflows of San Marcos Springs); however, Baker
(1961) mis-cited Bishop’s description of the type locality as “the Comal Springs at
San Marcos, Hays County.” Baker clearly intended to refer to San Marcos Springs,
as Comal Springs arc located approximately 50 km southwest of San Marcos
Springs at the head of the Comal River in New Braunfels, Comal Co., and later in
the same paper, he referred to the population at Comal Springs in New Braunfels as
. neotenes. Sweet (1978) suggested informally that E. nana might occur at both
San Marcos and Comal Springs, but did not claborate except to say that animals
from the two localities are “very similar” (and the Comal Springs population was
listed as F. neotenes in Appendix | of Sweet 1978 ). Citing Sweet (personal

communication), Dixon (1987) also extended the distribution of this specics o
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include Comal Co. Edwards et al. (1984) cited Bogart (1967) as believing that E.
nana occurred at other sites in central Texas, but a rereading of Bogart (1967)
shows that this was a misinterpretation (verified by personal communications with
J.P. Bogart and D. Tupa), and Bogart actually regarded only the San Marcos

Springs population as E. nana.

I found the San Marcos Springs Eurycea to be extremely distinct based on
allozymes. Of the 25 enzyme-encoding loci examined for 357 specimens of central
Texas hemidactyliines (plus outgroups representing three genera and cight specics
of hemidactyliines) the Comal Springs (12 specimens examined) and San Marcos
Springs (13 specimens examined) populations were differentiated from cach other
by apparently fixed or mutually exclusive differcnces at eight loci. Of thesc, the
San Marcos population exhibited fixed unique alleles (not scen in other central
Texas hemidactyliines or outgroups) at five loci, clear evidence of the high level of
divergence of this taxon and the lack of genc flow between it and other central
Texas Furycea. The Comal Springs population exhibited no unique alleles, but did
posscss an aconitate hydratase 1 allele at medium (45.5%) frequency otherwise
secn only in the otherwise very distinct taxon Typhlomolge rathbuni. Scquence data
for an approximately 355 bp portion of the mitochondrial cytochrome b gene
(Chapter 1) also distinguish the San Marcos Springs population from other central
Texas hemidactyliines (including the Comal Springs population). Although the
level of differentiation based on these data was relatively low (sequence divergence
of roughly 2% from other southcastern Edwards Plateau Eurycea; Chapter 1), the

San Marcos population was distinguished from the other 33 populations of central
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Texas Eurycea cxamined, plus outgroups, by unique substitutions at sequence
posttions 66 and 259. Phylogenetic analysis of the molecular data (Fig. 1 and
Chapter 1) generally places E. nana from San Marcos as sister to other southcastern
Edwards Platcau Eurycea cxclusive of T. rathbuni, further illustrating the

distinctiveness of this taxon.

Most San Marcos E. nana also are distinguishable from other central Texas
hemidactyliines, including the Comal Springs population, based on cxternal
morphology. Body proportions and coloration have allowed me and others (D.
Roberts, Dallas Zoo Aquarium, personal communication) to differentiate
individuals from the San Marcos Springs and Comal Springs populations on sight.
Discriminant analysis of 11 external morphotogical measures (Fig. 2) illustrates
some differences in body form between the San Marcos Springs population (21
specimens examined) and the Comal Springs population (19 specimens examined).
While both populations overlap substantially with cach other (and somc or all of
the remaining populations) on canonical varate axcs one and two (scc also
Chippindalc ct al. 1993), along canonical variate axes threc and four there is very
litle overlap between the San Marcos Springs and Comal Springs specimens (Fig.
2; note that both populations do overlap on thesc axes with other southcastern
Edwards Platcau Eurycea). Axis three accounts for about 8% of the total
dicrimination among groups (on all axcs), and axis four accounts {or about 5%.
Discrimination among the San Marcos, Comal Springs, and other southcastern
Edwards Platcau Lurvcea along cach canonical vanate axis is described by the

following cquations:
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Canonical variate three = -52.838(SL) + 29.498(AG) + 7.419(TL) -
0.254(HLA) - 15.796(HLB) + 1.651(HLC) + 0.762(HW) - 8.856(10D) +
12.335(HLL) + 13.234(ALL) + 2.115(ED)

Canonical varnate four = -7.646(SL) - 17.721(AG) - 2.271(TL) - 7.51 1(HLA)
- 0.936(HLB) + 14.112(HLC) + 28.194(HW) - 20.226 (IOD) + 20.279(HLL)
- 17.012(ALL) + 7.272(ED)

Along axis three, most discrimination appears related to body size, with
standard length (SL) accounting for 37.7% of the total discrimination among
groups, AG (axilla-groin length) 34.4%, and TL (tail length) 20.6%. This likcly
reflects the relatively small adult size of mature San Marcos animals. Axis four
appears to rcflect the relatively narrow head of the San Marcos animals, with the
highest loadings (35.4% and 35.1%) on HW (head width), and 10D (interocular
distance), respectively; HLC (head length C; see Materials and Mcthods) accounts

for 22.3%, and another 22.3% is attributable to HLL (hind limb length).

In addition to body proportions, Brown (1967a) listed several fcatures of
coloration and dentition that distinguish the San Marcos population from other
Edwards Platcau Eurycea. This included the Comal Springs population, which he
rcgarded as . n. neotenes based on the distribution map that he provided. While |
have not examined dentition in these salamanders in detail, I agree with Brown

{bascd on casual obscrvations) that the combination of coloration characters scen in
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the San Marcos population (in particular the light brown color, which often appears
to me as reddish, coupled with a dark eye ring) is unique among central Texas

FEurycea.

Given that E. nana from San Marcos Springs readily can be diffcrentiated
from all other central Texas Eurycea examined based on allozymes, mitochondrial
DNA, and at least some morphological fcatures, and appears 1o be sister to a clade
that consists of all other Eurycea species in the southeastern Edwards Platcau
region (except " T." rathbuni, see below), it scems reasonable to restrict the name of
this taxon to the population at San Marcos Springs. The status of the Comal
Springs population remains problematic, although it is clear that it docs not
represent E. nana. 1 regard this population as a distinct, undescribed specics
(following the evolutionary species concept sensu Wiley 1978 and Frost and Hillis
1990), but it exhibits considerable overlap with other southcastern Edwards Platcau
Eurycea bascd both on molecular markers and morphology and thus many will not
accept this interpretation. Additional study of this putative taxon is nceessary to
determine its relationship to other central Texas Euryeea and further clarify specics

boundaries in the group.

The genus Typhlomolge
Three species have at various times been regarded as members of the genus
Tvphlomolge. T. rathbuni Stejneger 1896 was the first to be described, and is
known from scveral caves and wells that intersect the San Marcos Pool of the

Edwards Fault Zonc Aquifer (Russell 1976, Potter and Sweet 1981, Longley 1986).
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In 1981, Potter and Sweet described another specics of Typhlomolge, T. robusta,
based on a single specimen collected in 1951 from a hole drilled in the bed of the
Blanco River northeast of San Marcos. Longley (1978) sometimes is credited with
an unintentional original description of this taxon (e.g. see Potter and Sweet 1981)
becausce in a government report he used the name 7. robusta, originally applicd in a
master's thesis by Potter (1963), and offered an extremely brief description of the
type specimen (while acknowledging Potter as the author of the name). Dixon
(1987) rejected Longley’s description and cited several ways in which it deviated
from taxonomic practices specified by the 1984 revised Code of Zoological
Nomenclature. I concur with Dixon, and regard Potter and Sweet (1981) as the
authors of the name. Wake (1966) initially recognized a third specics in the genus,
T. tridentifera, oniginally described by Mitchell and Reddell (1965) as Eurvcea
tridentifera. Swecet (1977) listed additional applications of this combination.
However, Wakce's assessment was based on a very limited number of specimens,
and subscquent morphological work using additional material led Mitchell and
Smith 1972) to place members of the genus Typhlomolge in the synonymy of the
genus Lurycea. This conclusion also is strongly supported by the molecular work

(Chapter 1, Fig. 1 of this chapter, and below).

Since the discovery of Typhlomolge rathbuni, relationships of the genus
have remained controversial. Emerson (1905) first recognized that 7. rathbuni was
a plethodontid, and Wake (1966) assigned the genus to the tribe Hemidactyliini.
Bascd on pre-phylogenctic analyses, Wake (1966) regarded Typhlomolge as part of

a "pre- Furycea" Miocence radiation of hemidactyliine plethodontids in southcastern
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and south-central North America. Mitchell and Reddell (1965) and Mitchell and
Smith (1972) viewed members of Typhlomolge simply as extremes in a continuum
of cave-associated morphological changes in the Texas Eurycea. Potter and Swect
(1981) concurred with Wake's (1966) interpretation of the time scale for invasion
of the Edwards Plateau region by ancestors of modern Typhlomolge. They
demonstrated that while superficially, evolution of head morphology in
Typhlomolge and central Texas cave Eurycea appeared to have followed the same
trends, the osteological bases for broadening and flattening of the antenior portion
of the skull differ in the two putative genera. Therefore, they made the suggestion
(rcasonable in light of their analyses) that the genus Typhlomolge should continuc
to be recognized. Using parsimony methods, Lombard and Wake (1986 and D.B.
Wake, pers. comm.) investigated relationships among genera of plethodontids
bascd primarily on characters of the feeding apparatus (especially the tonguce), but
were unable to reliably reconstruct the position of Typhlomolge cxcept to verify

that it belonged within the Hemidactyliini.

Allozyme and mitochondnal sequence data (Chapter 1, summarized in Fig.
1 of this chapter) strongly support the monophyly of the central Texas
hemidactyliines inclusive of 7. rathbuni (T. robusta was unobtainable for
molccular studics, but I assume based on morphology that it is the sister specices to
T. rathbuni [sec Potter and Sweet 1981 and Russcll 1976 for further detailsj).
However, the most basal split in the central Texas group clearly is between the
groups of populations northeast versus southwest of the Colorado River, to which |

refer here and elsewhere (Chapters 1 and 3) as the “northern” and “southern™
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groups. Some members of both clades have until now been regarded as E. neotenes
(c.g. Baker 1961, Brown 1967b, Sweet 1978, 1982), whose type locality is in Bexar
Co. in the southern region. In nearly all analyses (summarized in Fig. 1; sce
Chapter 1) T. rathbuni is strongly supported as sister to all other southern
populations and taxa; thus according to the current taxonomy, the “species” F.
neotenes is rendered paraphyletic by the placement of the genus Typhlomolge. 1
am in the process of revising the taxonomy of central Texas hemidactyliines,
recognizing additional specics, and limiting use of the name E. neotenes (Chapters
1 and 3 and in prep.), but under any taxonomic arrangement the genus
Typhlomolge cannot be retained if it is phylogenetically nested within Eurycea. In
order to minimize the number of taxonomic changes, [ therefore synonymize the
genus Typhlomolge under Eurycea, and henceforth will refer to the members of
this former genus as Eurycea rathbuni and E. robusta. Such a move is consistent
with the reccommendations of Mitchell and Reddell (1965) and Mitchell and Smith
(1972), and thus simply represents a reapplication of this combination for E.
rathbuni. However, as far as [ am aware this is the first usc of this combination for

E. robusta since its formal description.
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Figurc 2.1. Individual scores on canonical axes three and four based on discriminant
analysis for Euryceanana from San Marcos (open circles) and E. sp. from Comal
Springs (filled circles). The filled background cluster labelled “other” illustrates
scores for other southcastern Edwards Platcau Eurycea, including topotypical .
neotenes, topotypical I. sosorum, and members of what I consider the E. prerophila

and L. latitans specics groups.
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Figurc 2.2. Simplified summary of phylogenctic hypotheses for the Texas Furveea
bascd on allozymes and mitochondrial cytochrome b sequences. Sce Chapter 1 for

details of these analyscs.
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CHAPTER 3:

TAXONOMIC ASSESSMENT OF THE CENTRAL TEXAS EURYCEA

INTRODUCTION

The central Texas hemidactyliine plethodontid salamanders constitute a
monophyletic assemblage (Chapter 1), highly fragmented geographically by geologic
and climatic events. Isolation in springs and cave waters has led to considerable
differentiation among many populations and groups of populations. In some cascs,
the primary evidence of divergence is morphological, and prior to my molecular
work (detailed in Chapter 1) nearly all assessments of specics diversity and
boundaries were based on morphological criteria. This approach resulted in the
recognition of a relatively small number of taxa in the group, at most six specics or
subspecics of Eurycea (c.g. sce Baker 1961, Brown 1967a,b) plus two specics of
Typhlomolge. Scveral authors suggested, however, that additional specices likel v
remained to be discovered in the group (e.g. Brown 1950, 1967b, Baker 1961,
Bogart 1967, Mitchell and Smith 1972). In contrast, Sweet (1978a,b, 1982, 1984)
took a “lumping” view of morphological diversity in the group, assigning ncarl vall
spring and cave populations from throughout the Edwards Platcau region o the
species I neotenes and synonymizing the names E. prerophila, F. latitans, and .
troglodytes (the first he considered E. neotenes and the latter two he considered

hybrids between E. neotenes and the cave-dweller E. tridentifera). This approach left

122
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three recognized species of Lurycea in the group, E. neotenes, E. tridentifera, and L.
nana, plus a fourth taxon from Barton Springs in Travis Co. that Swect (1978a,
1984) considered a distinct specices but did not formally describe (it later was
described by Chippindale ct al. 1993 as E. sosorum). Potter and Sweet (1981) also
recognized two specices in the genus Typhlomolge, T. rathbuni and T. robusta (1 and

somec others consider these Lurycea; sce Chapter 2).

Identification of species boundaries in the group is complicated (as is the case
for all taxonomic groups) by different taxonomists’ ideas of what constitutes a
specics. [ follow the evolutionary specics concept sensu Wiley (1978) and Frost and
Hillis (1990). According to this view of specics, one seeks cvidence that a
population or interbreeding group of populations constitutes a distinct evolutionary
lincage that will continue to maintain a scparate identity from other such lincages until
it disappcars or splits into two new species. This evidence can be based on any
kinds of characters (c.g. morphological, molecular, behavioral etc.) and geographic
considerations (i.c. the potential for isolation from gene flow) also arc relevant. |
reject species coneepts that attempt to define species based on their reproductive
compatibility with others (c.g the biological specics concepi of Mayr 1982 and the
recognition species concept of Paterson 1985), their autapomorphies (c.g.
phylogenctic species concepts such as that of Cracraft 1989), or their average level of
differentiation from others (c.g. Highton ct al. 1989, Highton 1990). All of these
criteria can be helpful in identifving species boundaries, but none are sufficient.
Rather than defining specics, I believe that they are real entitics which must be

discovercd. Somectimes the tools that we usc arc adequate to do so, but overall we
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probably miss many, especially those that have diverged recently and thus have not

accumulated many (or any) diagnostic markers.

The molecular cvidence that I have gathered alone argues for the recognition
of numecrous species of Edwards Plateau Eurycea; here I use this information,
together with morphological and geographic information, to perforii an initial
revision of the taxonomy of the group. In many cascs, considerable ambiguity
remains, and this is reflected by my tentative recognition of such heterogencous (and
possibly non-monophyletic) assemblages as the “Carson Cave group” in the
southwestern Edwards Platcau region and the “E. latitans group” in the southcastern
platcau region. My goal is not to apply a formal name to cvery single population,
because for most, much more work is necessary before I could do so reliably.
Instead, I will provide skeleton synonymices for cach of the species and informal
groups that I recognize, detail the evidence that led me to separate them, recommend
a formal name for members of the group if onc currently is in usc or is available for
resurrcction, indicate what taxonomic problems remain, and suggest ways to solve
these problems. My primary aims are to highlight the remarkable diversity in the
group, identify populations or groups of populations that are particularly likely to
represent distinct specices, and provide a framework within which future studies of

this diversity can proceed.

In the following accounts, I have organized the species and informal groups
that I recognize by geographic region. These regions, and the distributions of

salamanders within them, arc detailed in Chapter 1; Appendix 1 provides precisc
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locality information for all populations examined. The northern and southern groups
(populations northeast versus southwest of the Colorado River) each appear to be
monophyletic clusters of species, and within the southern group are the apparently
monophyletic southeastern and southwestern groups (see Chapter 1 and lists of
synapomorphics below). The designation of a San Marcos region (inhabited by I-.
nana, E. rathbuni, and E. robusta) is simply one of convenience, becausc the taxa
from this area arc highly divergent and the placement of E. nana is uncertain
(Chapters 1 and 2); no closc relationship between L. nana and the other two species
at San Marcos 1s implied. [ also list character evidence for the monophyly of the
central Texas Furycea below. Scquence data refer to the maximum 355 bp of
mitochondnal cytochrome b described in Chapter 1, and allozyme data are for the 25
enzyme-cncoding loct listed in Chapter 1. For ecach account, I give the name that |
rccommend, followed by a skeleton synonymy (i.c. a list of cach name or

combination that has been applied to that taxon).

MONOPHYLY OF THE CENTRAL TEXAS EURYCEA, MAJOR
GROUPS, AND TAXONOMIC ACCOUNTS
In Chapter 1, 1 show the results of phenetic and phylogenctic analyses of the
molccular data and discuss the strong support for monophyly of the central Texas
Furycea. Here I will list unambiguous and potential synapomorphics for the group.
Thesce arc:
Allozymes: All members of the group examined were fixed for the unique SOD a

allele not seen in any other species of hemidactyliines examined; all share the unique
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PK a allele except E. rathbuni and Camp Mystic Springs (E. rathbuni has a unique
allcle at this locus and Camp Mystic has an allele with the same mobility as that seen
in Haideotriton wallacei); and all share the unique MDH-2 a allele except E. rathbuni
(which has a uniquc allele) and Greenwood Valley Ranch Springs (for which no
activity was detected at this locus in any of the six specimens examined).
Sequence: All populations sharec a T at position 216 except Greenwood and F.
rathbuni, which both have C (all outgroup members have an A at this position); and
all share an A at position 264 except the Carson Cave and Smith’s Spring
populations from the southwest, which have a G (outgroup members all have T or

C).

Southern Region

This assemblage includes all populations of Eurycea from southwest of the
Colorado River, ranging from western Travis County to castern Val Verde County. |
have examined specimens from 12 of the 14 counties in the southern region in which
salamanders arc known or thought to occur. The exceptions are Kinney Co., in
which salamanders arc likely to occur but no populations arc known, and Val Verde
Co. For the latter, repeated visits to the two known salamander localitics at Del Rio
(Fourmile Cave and San Felipe Springs; sce Sweet 1978a) failed to yield specimens.
I expect that these salamanders would fall within the southwestern group that |
recognize (sce below) based on their location. Very late in the study, Eurveea were
discovered by Riley Nelson and co-workers north of Del Rio in springs in the

Devil’s River drainage. Superficially, these appear similar to other surface
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populations from the southwest, but I have not yet examined them for molecular

markers.

Only two unambiguous molccular synapomorphies (see Allozymes and
Sequence below) unite members of the southern group, but this group is nearly
always strongly supported as monophyletic in phylogenetic analyses of the molecular
data (Chapter 1). Unambiguous or potential synapomorphics include the following:
Allozymes: For IDH-2 in all populations except E. rathbuni and Smith’s Spring
the b allele is fixed (an allele with the same mobility is seen in the outgroup taxon
Haideotriton, however); at LDH-A the b allele is fixed or predominates in all
populations (but an allcle with this mobility is seen in the outgroup taxon £.
nudtiplicata); and at MDHP the unique c allele is fixed or predominates in all
populations cxcept thosc from the Sabinal River drainage and L. tridentifera (cach of
these also have high frequency unique alleles).

Sequence: All populations except [ rathbuni, Carson Cave and Smith’s Spring
share a unique G at position 143; all except E. rathbuni sharc a unique C at 267; and
all are united by a unique C at 270.

Amino acid sequence: N at codon 27 (also seen in onc outgroup member, /<.

bislineaia).
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San Marcos Region
This area is located within Hays Co. in the southeastern region, but displays
a uniquc aquatic fauna in many respects, and the salamanders found herc (E. rathbuni
and E. robusta underground and E. nana on the surface) are highly divergent from
others in the Edwards Plateau region based both on morphology and molecular
markers. I will not provide detailed accounts of these species here because [ alrcady

have done so in Chapter 2. Synonymics and basic information are as follows:

Eurycea nana

Euryceanana Bishop, 1941, Occas. Papers Mus. Zool. Univ. Michigan 451:6.
Lurycea neotenes nana Schmidt, 1953:55.

HOLOTY PE: UMMZ 89759.

TYPE LOCALITY: “Lakc at the head of the San Marcos River, Hays County,
Texas™.

COMMENTS: As discussed in Chapter 2, there has been a great deal of confusion in
the literature regarding the status and distribution of this taxon. All recent authors

have used the name £, nana, which [ support.

Eurycea rathbuni
Typhlomolge rathbuni Stcjneger, 1896 Proc. U.S. Natl. Muscum 18:620.

Eurvcearathbuni (Mitchell and Reddell, 1965:23).

HOLOTY PE: USNM 22686.

TYPE LOCALITY: “subterrancan waters ncar San Marcos, Texas” (the specimens
cxamined by Stejneger were from the 188 foot deep Artesian Well at what is now

Southwest Texas State University in San Marcos).



129
COMMENTS: In Chapter 2, I discuss recognition of the genus Typhlomolge and
recommend usc of the name Eurycea rathbuni for this taxon. Frost (1985) gave the
range of this species as “Underground waters in Hays, Kendall, and Comal countics,
central Texas, USA”, but there is no cvidence that this species is known from
anywhere but the San Marcos Pool of the Edwards Aquifer (see Potter and Sweet

1981 and Chapter 2 for further discussion).

Eurycea robusta

Typhlomolge robusta Potier and Sweet, 1981, Copeia 1981:70.

HOLOTYPE: TNHC 20255.

TYPE LOCALITY: “Beneath the Blanco River, 178 m clevation, S airline km NE of
the Hays County Courthouse, San Marcos, Hays County, Texas™.

COMMENTS: In Chapter 2 I recommend synonymization of the genus Typhlomolge
under Furycea, which renders this taxon Eurycea robusta. | recognize Potter and

Sweet (1981) as authors of the original name for reasons detailed in Chapter 2.

Southeastern Region
This rcgion cncompasses western Travis, Hays (except San Marcos, which |
treat scparately; sce above and Chapter 2), Blanco, Comal, Kendall, Bexar, and
cxtreme castern Kerr Counties. It contains the type localitics for most of the central
Texas Furycea that have been recognized: F. neotenes, E. latitans, E. pterophila, I.
tridentifera, and I-. sosorum. Itis not clear whether the problematic taxon E. nana

(from San Marcos Springs) should be considered part of a monophyletic
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southeastern clade: as discussed in Chapters 1 and 2, this species is highly divergent
bascd on allozymes but falls within or sister to the southeastern populations based on
cytochrome b sequence. My preferred hypotheses of relationships (based on
combined allozyme and sequence data) suggest that E. nana is the sister specices of all
southcastern taxa. In listing potential synapomorphices and distinguishing molecular
character states for the southcastern group [ will specify which include this specices.
Allozymes: For AAT-S, the a allele predominates in most southcastern populations
cxcept K. neotenes, E. tridentifera, Comal Springs, and Pedernales (and L. nana);
howevecr, this allcle also is found in some other central Texas Lurycea.

Sequence: Unique C at position 117 (includes E. nana); unique C at 261 (includes
E. nana); T at 303 (includes I. nana, but also shared with . rathbuni); unique G at

328 (includes . nana); unique G at 360.

Southeastern taxa and informal groups

For the purposcs of analysis (sce Chapter 1) I divide the southcastern clade
into seven groups: I, neotenes group, L. pterophila group, I. sosorum, I.
tridentifera, Comal Springs, Pedernales Springs, and F. latitans group. Itis likely
that all except the last (which is a heterogeneous and wide-ranging assemblage; sce
below) represent distinet species. The evidence of species status is particulary strong
for I trideniifera, I. sosorum, and the Pedernales populations, cach of which
exhibit diagnostic molecular markers and (for the former two) unique morphological
features (the Pedernales populations have not yet been examined in detail

morphologically). Members of the L. neotenes, E.latitans, and I-. pterophila groups
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plus thc Comal Springs population are distinguished primarily based on substantial

allele frequency differences at allozyme loci.

Southeastern group members

Eurycea neotenes

Eurycea neotenes Bishop and Wright 1937, Proc. Biol. Soc. Wash. 50:142.
Eurycea neotenes neotenes, Schmidt, 1953:55.

HOLOTYPE: USNM 10161.

TYPE LOCALITY: “Culcbra Creek, 5 miles north of Helotes, Bexar County,
Texas™; corrected by Brown (1942) to the headspring of Helotes Creek in Bexar Co.
COMMENTS: Schmidt (1953) first suggested that E. neotenes from the type locality,
plus most other populations of Eurycea in the Edwards Platcau region, be considered
the subspecics I-. n. neotenes, and he also recognized the subspecics E. n. nana and
E. n. prerophila (sce Chapter 2 and below for detailed accounts of these taxa). The
subspecific designation was ignored by some authors (c.g. Baker 1961); Brown
(1967a) argucd for recognition of E. nana as a full species but continued to recognize
the subspecies I-. n. neotenes and E. n. pterophila. Sweet (1978b) formally
synonymized the names I-. pterophila or E. n. pterophila under E. neotenes, and
subspecics within [2. neotenes have not generally been recognized since. Many
authors (c.g. Brown 1950, Schmidt 1953, Conant 1958, Baker 1961, Mitchell and
Smith 1972, Sweet 1977b, 1978a,b, 1982, 1984, Conant and Collins 1991) have
regarded L. neotenes (or “I-. n. neotenes™) as widespread in springs and caves of the

Edwards Platcau region. Bascd on the molecular evidence presented in Chapter 1, 1
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disagree, and rccommend restriction of the name E. neotenes 1o spring populations
{rom the vicinity of the type locality. The three populations that I examined which I
placc in the “E. neotenes™ group are those from the type locality at Helotes Creek
Spring, Bexar Co., plus that at Leon Springs, Bexar Co., and Mueller’s Spring,
Kendall Co. (here and throughout, precise localities are given in Appendix 1 of
Chapter 1). My decision to do so is based primarily on phenetic criteria and
gcographic considerations, as I found no unambiguous autapomorphics (among-
population synapomorphies) for this taxon. Evidence for the distinctiveness of F-.
neotenes is based on allozymes, as follows:

Allozymes: These populations cxhibit the ballele at high frequency at AAT-S,
otherwise absent or at low frequency in other southcastern populations and taxa
(except L. tridentifera, I-. sosorum. and the Comal Springs and Pedernales
populations); posscss the b allele at PGM at high frequency, otherwise scen only in
the Comal Springs and Camp Mystic (southwestern group) populations and the
outgroup member L. guadridigitata from Texas; and exhibit the MPI b allele at high
frequency, otherwise scen only in the Pedernales populations, some members of the
“I=. pterophila group”, and the Fessenden Springs population from the southwest.
Additional study of members of the southeastern clade will be necessary to more

clearly delincate the boundaries of this and other species in the group.

Eurycea pterophila
Eurycea pterophila Burger, Smith, and Potter, 1950, Proc. Biol. Soc. Washington
63:51.

Lurveea neotenes prerophila, Schmidt, 1953:56.
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Eurycea neotenes, Sweet, 1978b: 106 (in part).
HOLOTY PE: Floyd Potter Coll. No. A993 (private collection, now presumed lost).
TYPE LOCALITY: “shallow stream flowing from Fern Bank Spring, 6.3 miles
northcast of Wimberley on the Blanco River Road, Hays County, Texas™.
COMMENTS: Sweet (1978b) demonstrated that the morphological character states
used by Burger ct al. (1950) to distinguish E. pterophila from other Edwards Platcau
Eurycea were cither more widespread than previously thought or were erroncous
(c.g. supposcdly short digits were actually due to loss of tips through bacterial
infection). Sweet concluded that there was no reason to recognize the Fern Bank
Spring population as a scparate taxon, and relegated this taxon to synonymy with F.
neolenes. Bascd on the information then available this was a reasonable assessment.
Hamilton (1973) also was unable distinguish Fern Bank Spring Eurycea from other
populations in the Blanco River drainage and clsewhere in the southeastern Edwards
Platcau region based on morphometric analyses. However, the allozyme cvidence
presented in Chapter 1 shows that the Fern Bank population plus all others in the
Blanco River drainage share a high degree of similarity in allele frequencics (although
they are characterized by no autapomorphics shared by all populations), suggesting
the posstbility of recent or ongoing gene flow. This, coupled with the restriction of
this phenetic grouping to a single drainage, Icads me to resurrect the name F.
plerophila , cspecially since the allozyme and geographic evidence indicates that these
populations almost certainly are isolated from gene flow with true (topotypical) £.
neotenes. Populations that I have examined and assign to this taxon arc: Fern Bank
Springs, Zercher Spring, Boardhouse Springs, Peavey’s Springs, Grapevine Cave,

and T Cave.
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Eurycea sosorum

Eurycea neotenes, Brown, 1950 (in part).

Eurycea neotenes neotenes, Brown, 1967b (in part; mapped locality only).

Eurycea sp., Sweet, 1978a, 1984.

Furycea sosorum Chippindale, Price, and Hillis, 1993, Herpetologica 49:249.
HOLOTYPE: TNHC 51184.

TYPE LOCALITY: “outflow of Parthenia (Main) Springs in Barton Springs Pool,
Zilker Park, Travis Co., Texas (30°15°49” N, 97°46’14” W)™,

COMMENTS: A detailed account of the morphological and molecular features that
distinguish this species from other central Texas Furvcea was provided in the original
description (Chippindale ct al. 1993). Subsequent molecular work has reinforced the
conclusion that this population represents a distinct species isolated from gene flow
from all others, and the taxon continues to be known only from the immediatc
vicinity of Barton Springs, Travis Co. My recognition of this taxon as a distinct
specics is consistent with Sweet’s (1978a, 1984) conclusions bascd solcly on
morphology. Molecular autapomorphies and characters that reflect the isolation of
this specics arc:

Allozymes: ALAAT-S, the ballcle predominates, otherwise rare in the southeastern
group except for L. tridentifera, the Pedernales populations, Comal Springs, and /.
neotenes; for PEP-A the unique c allele is present at 83% {requency, and the other (d)
allele present 1s otherwise seen only in members of the northern group, E. nana, and

the Pedernales populations; and at PEP-D the a allele is fixed, otherwise scen only in
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geographically distant and otherwise very divergent members of the northern and
southwestern groups.

Sequence: C at position 237 is shared only with the otherwisc distant Pedernales,

Smith’s Spring and Carson Cave populations and E. nana.

Eurycea tridentifera

Euryceatridentifera Mitchell and Reddell, 1965, Texas J. Sci. 17:14.

Typhlomolge tridentifera, Wake, 1966:64.

HOLOTY PE: USNM 153780.

TYPE LOCALITY: "Honey Creck Cave, Comal Co., Texas".

COMMENTS: Mitchell and Reddell (1965), Wake (1966), and Sweet (1977a,
1978a, 1984) rcgarded L. tridentifera as exhibiting a cave-associated morphology
sccond only to that of E. rathbuni (and E. robusta) in extremity among the Edwards
Plateau hemidactyliines. The morphological features of this taxon led Wake (1966)
to transfer it to the genus 7yphlomolge, although later work by Mitchell and Smith
(1972) suggested that the members of the genus Typhlomolge actually belong within
Furycea, a move that I also support based on the molecular evidence (Chapters 1, 2,
and above). The molecular evidence also indicates that E. tridentifera is not
cspecially closely related to 2. rathbuni, or (presumably) E. robusta (for which no
molccular data arc available). Sweet (1977a, 1978a, 1984) suggested that the caves
of northern Bexar Co. and the Cibolo Sinkhole Plain in which most known
populations of this specics occur are among the oldest in the platcau region, which
would have allowed a long time for the evolution of cave-associated features. In

Chapter 1 1 discuss hypotheses of cave origins with respect 1o this specics. Sweet
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(1978a, 1984) demonstrated using morphometric analyses that populations from
throughout the known range of the species cluster together, and recommended
recognition of this taxon as a single species with a relatively wide subterrancan
range. The molccular evidence supports this view for the populations that I was able
to sample (sce Chapter 1, but note the exception for the G3PDH locus, below); in
addition, Bogart (1967) identificd a chromosomal nondisjunction that appcared to be
uniquc to the two populations of E. tridentifera that he examined, Badweather Pit and
Honcey Creck Cave. Sweet (1977a) listed six known localities, and suggested that
morc likely would be found in the Cibolo Sinkhole Plain and northern Bexar Co. As
he predicted, salamanders that appear (o be this species have been scen at Genesis
Cave in northern Bexar Co. (D. Pearson, pers. comm.; see Veni 1988 for details of
the cave), and A.G. Grubbs and I have collected this species at Ebert Cave in Comatl
Co. (ncar Sweet's [1977a, 1978a, 1984] Kappelman Salamander Cave locality); F.
tridentifera was first collected there by J. Reddell and M. Reyes (pers. comm.; sce
Appendix 1 of Chapter 1 for details of location). There also are rumors of blind
salamanders in a cave on the Fair Oaks subdivision adjacent to the Grosser's
Sinkholc locality (A.G. Grubbs, pers. comm.). Conant and Collins (1991) restricted
the distribution of this species o the type locality, Honey Creck Cave, Comal Co.,

but this clearly was in crror.

In addition to the distinctive morphological features exhibited by this taxon
(scc Mitchell and Reddell 1965, Wake 1966, Mitchell and Smith 1972, Sweet 19774,

19784, 1984) and the potential chromosomal autapomorphy described above,
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potential molecular autapomorphies (here, synapomorphies that unite populations)
and distinguishing features are as follows:

Allozymes: At AAT-S, the ballele is at medium to high frequency (this allcle
otherwisc is rarc in the southeastern group, except in E. sosorum, Comal Springs,
Pedernales, and E. neotenes); at G3PDH the b allele appears fixed in the Honey
Creek Cave and Ebert Cave populations (otherwise this allele is seen at low
frequency in E. sosorum, L. rathbuni, and members of the southwestern group;
howevecr, it does not appear to be present in Badweather Pit E. tridentifera,
suggesting that this population may in fact be isolated); and all three populations
cxamincd posscss the unique MDHP d allele at high or 100% frequency.

Sequence: No scquence autapomorphics were found.

Eurycea latitans group

Synonymics arc given below for L. latitans from the type locality only. [
include numecrous populations in an informal E. latitans group; all (cxcept the
previously unknown Less Ranch Spring, Cherry Creek Spring, and Cloud Hollow
Spring populations) were assigned by Swect (1978a, 1982) to E. neotenes. Some of
thesc may have been assigned to species carlier by Baker (1961) or Brown (1967b),
but for the populations in question these authors provided only maps, so the precisc

localities to which they referred arc uncertain.
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Synonymy for E. latitans from the subterranean Cascade Caverns system:

Eurycea neotenes, Wright and Wright, 1938 (assumed by Wright and Wright to be
E. neotenes based on a sccond-hand report; location given only as “a cave
near Boerne”, assumed by Smith and Potter 1946 to be Cascade Caverns;
Bishop, 1943 reported the presence of E. neotenes in Cascade Caverns).

Eurycealatitans Smith and Potter, 1946, Herpetologica 3:105.

Eurycea neotenes latitans, Schmidt, 1953:55.

Eurycea neotenes (in part)/ Eurycea tridentifera (in part), Sweet, 1978a, 1984 (Swect
1984 actually relegated E. latitans 1o the synonymy of E. neotenes, but
belicved that the population contained introgressed E. tridentifera gencs).

HOLOTY PE: USNM 123594.

TYPE LOCALITY: “the first large pool decp within the recesses of Cascade Cavern,

4.6 miles by road (3 1/2 miles by airline) southeast of Boerne, Kendall County,

Texas.”

The status of this taxon is especially problematic. Sweet (1978a, 1984)
demonstrated substantial morphological variation in this population and showed that
specimens from Cascade Caverns presented a morphological spectrum from surface-
like morphologics to extreme troglobitic morphologics similar to those of I-.
tridentifera. He hypothesized that this was the result of past introgression of the
advanced troglobite F. tridentifera into a cave population of E. neorenes. Our
molccular data provide no eviaence of a hybrid origin for this population, or the other
putative hybrid, E. troglodytes from the southwestern region (sec Chapter 1 and

below). Since the population that lives in the underground system associated with
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Cascade Caverns also does not appear to represent E. neotenes based on the
molecular evidence, it seems reasonable to resurrect the name E. latitans for
salamanders in this cave system. Here I assign several other populations (Rebecca
Creek Spring, Hays Co., Bear Creek Spring, Cibolo Creek Spring, Less Ranch
Spring, and Kneedeep Cave Spring, all in Kendall Co., Cherry Creek and Cloud
Hollow Springs, Kerr Co., and Honey Creek Cave Spring, Comal Co.) to an
informal, heterogeneous and widespread “E. latitans group” based on similarity in
allele frequencics and cytochrome b sequences. This group likely is a catch-all for
members of the southcastern group whose affinities are uncertain, and definitely
nceds further investigation. No autapomorphices characterize all members of the
group, although the Rebecca Creek population and topotypical E. latitans cach exhibit
potential sequence autapomorphics. Specifically, Rebecca Creck exhibitsa T at
position 41 otherwisc scen only in Haideotriton, and has a unique F at codon 47.
Topotypical E. latitans have a T at position 123 (also seen in the southwestern

Carson Cave population and outgroup members FE. bislineata and E. wilderae).

Eurycea sp. -- Comal Springs

Lurycea neotenes, Baker, 1961 (in part).

Lurycea neotenes neotenes, Brown, 1967b (in part; mapped locality only).

Eurycea nana, Swccet, 1978a (in part; tentative designation).

COMMENTS: The many characters that distinguish this population from true F. nana
(from San Marcos Springs, Hays Co.) arc discussed in Chapter 1, and this
population clearly docs not represent £. nana. 1 believe that it is a separate specics,

but it overlaps substantially based on morphometric analyses and molecular data with
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other southeastern populations (Chapter 2); thus my view of the Comal Springs
population as a distinct lineage is based largely on its apparent geographic isolation.
Further study of this putative taxon is critical, because its spring habitat is threatencd
by human demands on the waters of the southern Edwards Aquifer. Potential
molecular autapomorphics and distinguishing features are as follows:

Allezymes: At ACOH-1, the c allele (otherwise seen only in E. rathbuni) is at
medium frequency; at AAT-S, the b allele (rare in the southeast except in F.
Iridentifera, . sosorum, E. neotenes, and Pedernales) is at medium frequency; and
at PGM, the b allele 1s at medium frequency (otherwise seen only in . neotenes,
Camp Mystic from the southwest, and the outgroup member E. guadridigitata {from
Texas).

Sequence: No diagnostic scquence characters were found.

Eurycea sp. -- Pedernales populations

No previous taxonomic history (discovered in the course of this study).
COMMENTS: D.M. Hillis and I first found the two known populations of this
salamander in 1990, in two small springs on the northeast side of the Pedernales
River in extreme western Travis Co. These springs arc located in an isolated band of
Cow Creck limestone and arc well separated from all other known populations of
central Texas Furvcea. Although no detailed morphological studics have yet been
conducted, these salamanders appear 10 mature at a very small size, and exhibit a
relatively high frequency of "gold" morphs (individuals in which the melanophores
arc widely separated, viclding a light vellowish color). These salamanders also

posscss unique combinations of allozyme and scquence character states (sce below)
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and almost certainly represent a distinct species; we intend to formally name them as
such. Distinguishing molecular character states are as follows:

Allozymes: At ACOH-1 the c allele (otherwise characteristic of the northern group)
occurs at low frequency; at AAT-S, the b allele is at medium frequency (otherwise
rare in the southcast except in E. tridentifera, E. sosorum, E. neotenes, and Comal
Springs); at LDH-A the a allele is at medium frequency (otherwise seen only in the T
Cave population, a member of the E. prerophila group); and at MDHP the unique {
allele occurs at low frequency.

Sequence: T at position 117 (shared only with Smith's Spring in the southwestern
group); C at 237 (shared only with the southwestern Smith's Spring and Carson cave
populations); unique G at 287; T at 288 (shared with some northern and
southwestern group members as well as members of the outgroup); C at 324 (shared
with E. rathbuni and members of the northern and southwestern groups and
outgroup); and C at 353 (shared with members of the southwestern and northern

groups, E. rathbuni, and outgroup members).

Southwestern Region
This region encompassces southern Gillespie Co., most of Kerr Co. (except
the casternmost extreme), Bandera, Real, and Edwards Countics, northern Medina.
Uvalde, and probably Kinney Ce., and likely the populations in Val Verde Co. (not
vet examined) belong in the southwestern clade as well. My molccular studics arc
only the beginning for discovery of diversity in this putative clade, and much morc
intensive sampling will be necessary to reliably identify species boundarics in this

group. Only a single species has been recognized in the southwestern region, F.
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troglodytes Baker, 1957 (sec below), and most other known populations have been
considered E. neotenes (e.g. Sweet 1978a, 1982). Both allozyme and scquence data
(Chapter 1 and below) suggest that many members of this group are isolated from
gene flow and probably represent distinct species. My recognition of a *“Carson
Cave group” (see below) is based on phenetic criteria and it may not represent a
monophyletic assemblage of populations or species. The southwestern group
usually is quite strongly supported as monophylectic in phylogenetic analyses of the
molecular data (Chapter 1) based on bootstrapping and decay indices. However,
“real” character evidence for the monophyly of this group is lacking: character states
that scparatec members of the southwestern clade from those of the southcastern clade
arc likely to be primitive, since they are shared with the northern group and/or £.
rathbuni and/or members of the outgroup. I have identified no unambiguous
synapomorphics for the group. Character states that distinguish this group to
varying cxtents arc:

Allozymes: At AAT-S the ballele, absent or at low frequency in most southcastern
populations, appcears {ixed in all southwestern populations.

Sequence: A at position 117 in ali except Smith's Spring.which hasa T (A shared
with northern group and outgroup members); G at 261 (shared with I, rathbuni,
some northern populations, and members of the outgroup); A at 328 (shared with £
rathbuni, members of the northern group, and members of the outgroup), and A at

360 (shared with L. nana, . rathbuni, and some outgroup members).
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Southwestern group members
E. troglodytes
E. troglodytes Baker, 1957, Texas J. Sci. 9:328.
E. neotenes (in part)/ E. tridentifera (in part), Sweet, 1978a, 1984.
HOLOTYPE: TNHC 21791.
TYPELOCALITY: "a pool approximately 600 feet from the entrance of the Valdina
Farms Sinkhole, Valdina Farms, Medina County, Texas.”
COMMENTS: Although Sweet (1978a, 1984) considered this taxon a hybrid swarm
derived from E. tridentifera and what he considered . neotenes based on the
morphological variability that it displays, this scems very unlikely based on
molecular cvidence and geographic and hydrologic considerations (sce Chapter 1).
Therefore, I reccommend continued recognition of this species, especially since it is
the only named member of the southwestern group. Unfortunately, this species may
be extinct duc to human modification of its only known habitat (Veni and Associates
1987, G. Veni pers. comm.). I was unable to examince this species for allozyme

variation; no distinguishing scquence characters were detected.

Eurycea sp. -- Tucker Hollow Cave

Furycea neotenes, Sweet 1978a, 1984 (in part)

COMMENTS: This is onc of the few cave populations of Lurycea distant {rom the
Balconcs Fault Zone, and almost certainly is isolated from all or most other
populations. These salamanders, known only from two shallow pools in a hillside
cave, exhibit strong troglobitic morphologies, including reduced eyes and

pigmentation and broadened heads. Sweet (1978a) provided a detailed description of
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the animals, and Sweet (1984) included this population in 2 morphometric analysis of
central Texas cave Furycea. J.R. Reddell (pers. comm.) considered this population a
distinct species, although a formal description was never published. I concur with
Reddecll, given the distinctive morphologics and apparent geographic isolation of
animals from this population; the following molecular markers also distinguish this
population from others to varying extents:
Allozymes: The unique ¢ allele appears fixed at IDH-1; the a allele appears fixed at
GAPDH (also scen at medium frequency in populations of the Sabinal group,
below); the MPI c allele appears fixed (otherwise seen only in the Sabinal group and
some outgroup members).
Sequence: C at position 91 (sharcd with the southwestern Smith’s Spring and
Carson Cave populations, southcastern populations, and some outgroup members);
C a1 228 (shared with E. rathbuni, Smith’s Spring, Carson Cave, and somc outgroup

members); unique G at 268.

Eurycea sp. -- Greenwood Ranch Springs

No previous taxonomic history, although some of the ncarby populations assigned
by Baker (1961) and Sweet (1978a, 1982) to [. neotenes , and by Brown (1967b) to
L. n. neotenes, could represent the same specics.

COMMENTS: Superficially, these salamanders appcar similar to other southwestern
spring populations. Additional sampling in this arca of the range is very desirable, as
the status of these populations is uncertain; they casily could represent an
undescribed species. Distinguishing molecular character states arc:

Alozymes: Lack of detectable activity at MDH-2.
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Sequence: C at position 216 (shared with E. rathbuni); C at 264 (shared with

Carson Cavoe).

Eurycea sp. -- 176 Spring

Eurycea neotenes, Sweet, 1982 (in part).

COMMENTS: Like many southwestern populations, this population appears to be
distinct based on molecular evidence, but sampling in the region is very limited and
thus the status of this population is uncertain. Distinguishing molecular character
states arc:

Allozymes: Uniquc LDH-A callcle at high (88%) frequency; a allcle at PEP-A (also
scen in nearby Fessenden Springs).

Sequence: Unique T at position 213; unique T at 238; C at 345 (shared with

northern populations, I rathbuni, and some outgroup members).

Eurycea sp. -- Camp Mystic Springs

Lurvcea neotenes, Sweet, 1978a, 1982 (in part; Sweet called this locality Edmunson
Creck Spring).

COMMENTS: This is another southwestern spring population that does not appear
morphologically distinct, but which has many molecular character states that indicate
isolation from genc flow, at lcast from the other populations examined. Thus it may
represent another distinct species. Several scquence characters suggest the
possibility of closc relationship with the Trough Spring population, here placed in the
informal (and problematic) Carson Cave group (below). Distinguishing molccular

character states arc:
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Allozymes: Uniquc c allcle at 90% frequency at MDH-1; a allele at PEP-D (shared
with some northern populations, E. sosorum, and nearby Fessenden Springs); b
allele fixed at PK (an allcle with the same mobility is seen in the outgroup member
Haideotriton).
Sequence: C at position 129 (shared with some outgroup members); T at 180
(shared with members of the northern group and the outgroup member £-.
longicauda); T at 192 (shared with members of the northern group, some outgroup
members, and nearby Trough Springs); A at 202 (shared with Trough Springs); T at
203 (sharcd with Trough Springs); G at 245 (shared with Cedar Breaks Spring from
the north and the outgroup member F. wilderae); A at 245 (shared with Cedar Breaks
Spring, Trough Spring, and some outgroup members; and T at 252 (shared with

some outgroup members).

Eurycea sp. -- Sabinal group

Furycea neoienes, Sweet,1978a, 1982 (Baker 1961 and Brown 1967b listed
localiics for E. neotenes that may include this specics).

COMMENTS: Thesc populations include some of the few known naturally
metamorphosing Furvcea in the Edwards Platcau region (discussed by Bruce 1976
and Swcet 1977b). They may represent a distinet specics. For the two localities that
I examined (Murphy’s Spring and Sabinal Canyon Spring), distinguishing molecular
character states arc:

Allozymes: At GAPDH the a allcle (otherwise scen only in Tucker Hollow Cave) is

at medium frequency; at MDHP the unique ¢ allele is at high frequency; and at MPI
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the ¢ allele (otherwisc seen in Tucker Hollow Cave and some outgroup members) is
at high frequency.

Sequence: No diagnostic markers found.

Eurycea sp. -- Carson Cave group

FEurycea neotenes, Sweet 1978a, 1982, 1984 (in part).

COMMENTS: Here I omit carlicr authors’ taxonomic assignments of populations
which may be closcly related to members of this group, because the group’s
composition is highly problematic. Thus I citc only Sweet because he actually
assigned most of the same populations that I examined to F. neotenes. This phenctic
asscmblage (based on allozyme allele frequencies) definitely needs further study.
Even the patterns of relationship suggested by the sequence data arc at odds with this
grouping in some respects (c.g. for Trough Spring and Camp Mystic Spring), and
there probably arc scveral species involved. In future studies, the best strategy
probably will be to address relationships within the southwestern group alone,

trecating as many populations as possible as separate units of analysis.

The population for which this group is named, Carson Cave, consists of
morphologically distinctive troglobites similar in some respects to those from Tucker
Hollow Cave (scc Sweet 1978a, 1984 for more detailed morphological information).
It may represent a distinet species (as believed by J.R. Reddell, pers. comm.),
although scquence data suggest a close relationship between this population and the
ncarby but morphologically dissimilar Smith’s Spring population (sece Chapter 1 and

below). The populations included in this informal group range widcly in the
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southwestern region and do not correspond to any single drainage. In this group I
have included the populations from West Nueces Spring and Smith’s Spring
(Edwards Co.), Carson Cave and Wetback Spring (Uvalde Co.), Sutherland Hollow
Spring (Bandera Co.), Robinson Creek Spring and Fessenden Spring (Kerr Co.),
and Trough Spring (Gillespic Co.). Below I will list characters that exhibit
autapomorphics for particular members of the group, or suggest possible
rclationships among its components; no unambiguous synapomorphies unite all
members of this assemblage.
Allozymes: Uniquc MDH-1 ballele in Smith’s Spring at 61% frequency;
Fessenden Spring has PEP-A  a allele (shared with 176 Spring).
Sequence: C at position 91 in Carson Cave, Smith’s Spring, and Tucker Hollow
Cavc (shared with southcastern populations and some outgroup members); T at 124
in Carson Cavc (shared with topotypical E. latitans and the outgroup members /.
bislineata and I-. wilderae); unique C at 125 in Carson Cave; A at 144 in Carson
Cavc and Smith’s Spring (shared with northern populations and outgroup taxa); C at
228 1n Carson Cave, Smith’s Spring, and Tucker Hollow Cave (shared with /-,
rathbuni and somc outgroup members); G at 264 in Carson Cave and Smith’s Spring
(shared with I, rathbuni); C at 269 in Carson Cave and Smith’s Spring only; C at
272 in Sutherland Hollow Spring, Trough Spring, and some outgroup members; C
at 279 in Carson Cave and Smith’s Spring (shared with southcastern, San Marcos,
and some northern populations); A at 309 in Carson Cave and Smith’s Spring
(shared with southcastern and northern populations, E. nana, and some outgroup

members); C at 364 in Carson Cave and Greenwood Ranch Springs.
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Northern Region

As detailed in Chapter 1, populations of Furycea from northeast of the
Colorado River in Travis, Williamson, and Bell Counties are extremely divergent
from all others in central Texas (and elsewhere) based on a host of molecular
markers. The Colorado River appcears 1o represent a strong barrier that has isolated
these salamanders for a long period of time, and evidence of the monophyly of the
northern group is overwhelming. Despite their high level of divergence, no members
of the group have been formally described as distinct species, mainly because
animals from the northern surface populations known to previous workers appear
very similar morphologically to those from southern spring populations. Also, the
majority of northern populations were discovered during the course of this study,
and thus their diversity and the extent of their range previously was very poorly

known.

In addition to the characters listed below, members of the northern group are
characterized (among the central Texas Lurveea) by substantially larger genome sizes
than all others (see Chapter 1 for details), and all members examined so far exhibit a
diagnostic ApaLl restriction site near the 5' end of the 28S nuclear ribosomal DNA
repeat unit (Chippindale, unpublished). Identification of specics boundaries in this
group has proven difficult in some casces, especially with respect to the cave
populations. [ have trcated most subterrancan populations in the region as scparate
units for analysis becausc of the uncertainty of their placement; clearly additional
sampling, and the usc of new molecular markers, is desirable to further clucidate

rclationships and species boundaries in the group. Evidence for the monophyly
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and/or distinctivencss of the northern group is provided by the following allozyme
and sequence characters:

Allozymes: All populations examined appear fixed for the unique LDH-A ¢ allclc;
all populations appear fixed for the unique GAPDH b allele except Salado Springs
(which also has the c allele scen in many southern populations); all populations
appear fixed for the unique IDH-1 a allele; all populations appeared fixed for the
IDH-2 b allele (also scen in E. rathbuni and Haideotriton); all populations appear
fixed for the unique a allele at CK-1 except the Lake Georgetown populations, which
also possess the unique ¢ allele at medium frequency; all appear fixed for the unique
MDHP b allcle except Round Rock and some Jollyville Plateau populations, which
also have the uniquc a allele at varying frequencics; all arc characterized by a fixed
ACOH-1 c allcle (also scen at low frequency in E. sosorum and in the outgroup
member E. quadridigitata from Texas) except Testudo Tube and members of the
Buttercup Creck Cave group (which also have the southern b allele) and the Lake
Georgetown populations (which also have the unique f allele); ); and all appear fixed
for the PEP-A d allcle (also scen at medium frequency in E. nana and at low
frequency in I£. sosorum and Pedernales) except T.-W.A.S.A Cave (which has the
southern b allcle).

Scquence: Unique T at position 75, unique C at 80, unique C at 105 (except in
Cedar Breaks Spring, in the Lake Georgetown group); unique T at 130; unique T at
156; unique A at 268; uniquc A at 285 (except in Testudo Tube and Ilex Cave, which
have a unique G); unique A at 291; unique G at 378.

Amino acid scquence: Unique T at codon 27; unique S at 44; unique L at 90; unique

F at 109.
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Northern group members
Eurycea sp. -- Jollyville Plateau
FEurycea neotenes, Baker, 1961 (in part).
Lurycea neotenes neotenes, Brown, 1967b (in part).
COMMENTS: Animals from springs of the Jollyville Plateau in Travis Co. all appear
similar morphologically and arc almost identical to one another based on molecular
cvidence. Thus I believe that these populations (plus, probably, that from Round
Rock, below) constitute a single specics, especially since they are readily
distinguishable bascd on the molecular evidence from the closest populations, in the
vicinity of Lake Georgetown (see below). Sweet (1978a, 1982) considered these
peripheral populations I£. neotenes, and commented that densitics of salamanders in
springs of the Jollyville Plateau region generally are very low. However, I have
found these salamanders to be abundant at some localities, especially in the
hcadwaters of the Bull Creek drainage and at the Stillhouse and Barrow Hollow
Spring locations (unfortunately, most of these springs are likely to be altered or
oblitcrated by development in the near future; sce Price et al. 1995). I suspect that
the discrepancics in my versus Sweet's observations may be due at lcast in part to the
fact that D.M. Hillis, A.H. Pricc and I visited the localities year-round, whercas
Sweet did most ficld work in the summer. My qualitative observations arce that
members of the northern group generally arc most common on the surface during
winter months, whereas the southern taxa scem to exhibit less scasonality in activity
patterns. This suggests that there may be major behavioral differences between the

northern and southern groups, and invites further study.
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D.M. Hillis, A.H. Price and [ are in the process of formally describing the Jollyville
Plateau spring populations, plus that at Round Rock, as a distinct specics. As
indicated above, such recognition is timely, as many populations of this species
likely will be extirpated in the near future and thus formal protection as a distinct
taxon is warranted. Distinguishing molecular character states arc:

Allozymes: MDHP a alicle (shared with Round Rock) present at varying
frequencics.

Sequence: Unique G at position 69 in Stillhouse Hollow; C at 99 (sharcd with
Round Rock and members of the southern group and outgroup); G at 240 (shared
with Round Rock and members of the southeastern group, E. nana, E. rathbuni, and
some outgroup members); unique G at 261; A at 289 (shared with Round Rock); T at

324 (shared with Round Rock and members of the southern group and outgroups).

Eurycea sp. -- Round Rock

Eurycea neotenes, Baker, 1961 (in part).

FEurycea neotenes neotenes, Brown, 1967b (in part).

COMMENTS: | assumc here that the Round Rock population (Krienke Spring on
Brushy Creek) to which the above authors referred was conspecific with the ncarby
Brushy Creck spring population discovered in the course of this study; the Kricnke
Spring population was destroyed by quarrying operations (Sweet 1978a). These
salamandcrs appear very similar based on morphology and molecular markers to the
Jollyville Platcau populations and probably are conspecific, although I treated them

as a scparatc unit for the purposes of the phylogenetic analyses presented in Chapter
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1. This conclusion is reinforced by the faunal similarities between the Jollyville
Platcau region and the Brushy Creek drainage (which probably originates from the
plateau; scc Veni and Associates 1992). Distinguishing molecular character states
arc:
Allozymes: Low frequency MDHP a allele (also scen in Jollyville Platcau
populations); and high frequency PEP-D c allele (also seen in many members of the
southern group).
Sequence: C at 99 (sharcd with Jollyville and members of the southern group and
outgroup); ); G at 240 (shared with Jollyville and members of the southcastern
group, E. nana, . rathbuni, and some outgroup members); A at 289 (shared with
Jollyville); T at 324 (shared with Jollyville and members of the southern group and

outgroups).

Eurycea sp. -- Kretschmarr Salamander Cave

No previous taxonomic history.

COMMENTS: Although this population occurs in a tiny strecam cave on the Jollyville
Platcau in the vicinity of known Jollyville Platcau salamander spring localitics,
salamandcrs at this site arc somewhat distinct at the molecular level and could
represent an undescribed species (although they exhibit no diagnostic
autapomorphics). Morphologically, these salamanders appear similar to those from
ncarby surfacc populations. At the molecular level, they are distinguished from
ncarby populations by the following:

Allozymes: At GPI, the b allcle appears fixed (otherwise scen in Lake Georgetown

and southern populations).
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Sequence: C at position 177 (shared with Cedar Breaks Spring in the Lake
Georgetown group, members of the southern group, and the outgroup); C at 180
(shared with members of the southern group and outgroup); C at 183 (shared with

members of the southern group and outgroup).

Eurycea sp. -- Testudo Tube Cave

No previous taxonomic history.

COMMENTS: The status of this recently-discovered cave population fom
Williamson Co. is problematic. The few known specimens from this cave appear
simtlar to surface animals, and salamanders which could represent the Jollyville
Platcau salamandecr arc known from springs on the ncarby Audubon Preserve
(personal obscrvations; I was unable to collect at the Audubon locality). Testudo
Tube may be scparated hydrologically to some extent from caves of the ncarby
Buttercup Creck Cave sysiem (Russell 1993) and thus salamanders from Testudo
Tube may not be conspecific with those of the Buttercup Creek Caves. Testudo
Tubc salamanders arc distinguished primarily by the following:

Allozymes: High frequency AAT-S ¢ allele (otherwise seen in some members of
the nearby (and possibly conspecific) Buttercup Creck Caves group, onc member of
the Jollyville Platcau group, L. rathbuni , and outgroup member F. quadridigitata
from Tecxas).

Sequence: G at position 285 (shared with the Ilex Cave population in the Buttercup

Creck Caves group).
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Eurycea sp. -- Buttercup Creek Caves group
No previous taxonomic history (populations were discovered by W.H. Russell, J.R.
Reddell, and others prior to or during the course of this study).
COMMENTS: The recently discovered Buttercup Creek Cave system, in the Cedar
Park arca of Williamson Co., is a relatively extensive and probably hydrologically
intcrconnccled subterranean system (c.g. sec Russell 1993). However, the Eurycea
that inhabit these caves display a great deal of molecular variability and do not always
appear as most similar to onc another in phenetic analyses based on allozyme allcle
{rcquencies (Chapter 1); this could simply be an artifact of sampling, however. Most
salamanders that have been observed in the Buttercup Creck caves exhibit strong
troglobitic morphologics including depigmentation, cye reduction, and broadening
and flattening of the head, but so few specimens arc available that gencralizations
about the morphologics of these salamanders are difficult. I treat the ncarby Testudo
Tube cave population scparately (scc above) because salamanders from that locality
appcar quite “surface-like”, and hydrologic connection between this cave and the
others may be limited (Russell 1993 and pers. comm.). However, one potential
scquence synapomorphy (sce below) does unite the Testudo Tube population with
that from llex Cave, the single member of the Buttercup Creek caves group for which
scquence data arc available. At present, I am reluctant to formally describe these or
other northern cave populations as new specics because I believe that further study is
nceessary; however, I strongly suspect that salamanders of the Buttercup Creck

Caves system represent a distinct evolutionary lincage.
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Allozymes: AAT-S callcle in some component populations (otherwisc scen in
Testudo Tube, one member of the Jollyville Plateau group, E. rathbuni , and
outgroup member [ guadridigitata from Texas).

Sequence: G at position 285 (shared with Testudo Tube).

Eurycea sp. -- Lake Georgetown group

FEurycea neotenes, Sweet, 1978a, 1982 (in part).

COMMENTS: I assume here that the salamanders reported by Sweet (1978a, 1984)
from springs in the city park at Georgetown are conspecific with those that we
cxamined from ncarby springs in the vicinity of Lake Georgetown. The single
individual that I found at the Georgetown park site was a larva that failed to vield
successtul results for key molecular markers. Salamanders of the Lake Georgetown
group (represented here by Avant's Spring, Knight Spring, Buford Hollow Spring,
and Cedar Breaks Hiking Trail Spring, all discovered in the course of this study) arc
quite divergent from all other central Texas Eurveea based on molecular markers, and
may also exhibit characteristic iridophore patterns (Chippindale et al., in prep.). The
distinctivencess of members of this group from populations at Round Rock and the
Jollyville Platcau region 1o the south is consistent with the observation by Veni and
Associates (1992) that the south fork of the San Gabriel River is a strong barrier to
migraton, at icast by terrestrial troglobitic invertebrates. D.M. Hillis, A.H. Pricc
and I intend to describe the Lake Georgetown populations as a distinet species
(Chippindale ct al. in prep.). Reeantly discovered populations in the Cowan Creck
drainage, slightly north of the populations in the Lake Georgetown vicinity (Price ct

al. 1995) probably represent this species, although they have not yet been examined
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for molecular or morphological characters. Distinguishing molecular character states
are:

Allozymes: Unique ACOH-1 f allelc at medium frequency in all populations except
Avant's Spring; CK-1 callele at medium frequency (also seen in E. quadridigitata
from Texas); PEP-D a allele common (also seen in Bat Well, Salado, E. sosorum,
and the southwestern Fessenden Springs and Camp Mystic Springs populations);
fixed d allele at G3PDH (otherwise scen only in T.-W.A_S.A. Cave, in the Buttercup
Creck Caves group).

Sequence: C at position 63 (shared with Bat Well and members of the southern
group and outgroup); unique T at 105; G at 222 (shared with Camp Mystic in the
southwestern group, and outgroup member F. wilderae); C at 255 (shared with
outgroup members); C at 288 (shared with members of the southern group); unique

G at342.

Eurycea sp. -- Bat Well

No previous taxonomic history.

COMMENTS: A single specimen is available from this cave. It appears
morphologically similar to northern surface populations, and spring populations of
Eurycea arc likely to occur in the arca. [ treated this population separately for
purposcs of analysis, becausc its affinitics arc uncertain. Somc molecular characters
suggest a close relationship with members of the geographically close Lake
Gceorgetown group, and perhaps also Salado Springs (sce Chapter 1), but additional
sampling in the arca is highly desirable. Molecular characters that distinguish this

population from all or most others in the northern region are:
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Allozymes: PEP-D a allcle (shared with Salado, Lake Georgetown group, E.
sosorum, and Fessenden Springs in the southwest).
Sequence: C at position 63 (shared with Cedar Breaks Spring in the Lake
Georgetown group and members of the southern group); unique G at 188; unique T

at 286.

Eurycea sp. -- Salado Springs

Lurycea neotenes, Sweet 1978a, 1982 (in part; the single previously known, larval
specimen was not examined by Sweet but was assumed to represent k. neotenes).
COMMENTS: This is the northcasternmost known population of Eurvcea in the
Edwards Platcau rcgion, and salamanders from these springs arc very clusive. Prior
to this study, only a single specimen (unavailable for examination) was known:; D.M.
Hillis, A.H. Pricc and I found scveral others in 1989-1991 but have been unable to
find any others since, despite numerous attecmpts. These salamanders are
immediatcly distinguishable based on external morphology: they have long, broad,
almost rectangular heads, very reduced cyes, long slender limbs, clongate bodics,
and a dark gray-brown coloration that under magnification appears as a serics of tiny
rcticulations. In many respects the morphologics of these salamanders arc unlike
thosc of any others in the Edwards Platcau region.  The morphological
distinctiveness of the Salado population also was demonstrated using discriminant
function morphometric analyses by Chippindale ct al. (1990). This was a
preliminary analysis and results arc not presented here, because currently 1 am
modifying and expanding the morphometric work on this and other northern taxa in

the coursc of formally describing them (including this population) as distinct specics.
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Very recently, salamanders have been found in springs of ncarby Buttermilk Creck
(G. Longley, pers. comm.); these could represent this species, although specimens
arc not vet available for examination. Distinguishing molecular character states arc:
Allozymes: PEP-D aallcle fixed (shared with Bat Well, most Lake Georgetown
populations, F. sosorum, and Fessenden and Camp Mystic Springs in the
southwest).
Sequence: T at position 294 (shared with members of the southern group and some

outgroup members).

CONCLUSIONS

As should be apparent from  the above, the taxonomy of the central Texas
FEurycea remains largely unresolved. This is not surprising, given the large number
of populations, extreme geographic fragmentation, and high potential for
morphological parallclism or convergence. Some may find my treatment of diversity
in the group unsatisfying, as [ have resisted the temptation to assign every population
to a particular specics. I believe that it is better at this stage to recognize the diversity
in the group than try to force cach of its members into a categorization which may
prove artificial. I sce the work described here as the basis for more detailed studics
of relationships and specics boundarics within and among the specics groups that I
have recognized. The identfication of the major monophyletic groups in this
assemblage will facilitate future systematic and taxonomic work, as it will be possible
to focus on particular subscts of the Texas Furveea (c.g. the northern

populations)with confidence that one is dealing with evolutionarily real
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(monophyletic) units. Previously, for example, a study of “E. neotenes™ would
necessarily have had to encompass the whole region and what have proven to be
numerous distinct species. Future work on the group should include both
morphological study and usc of rapidly-cvolving molecular markers (¢.g.
mitochondrial D-loop sequences, microsatellites, and perhaps intron sequences);
somc of this rescarch is planned or in progress by me and J. Wiens. | am optimistic
that further study will clarify many of the systematic and taxonomic problems that
remain in the Texas Eurycea, and hope that it will be possible to characterize and

preserve the diversity in the group before much of it is lost due to human activitics.
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APPENDIX 1

Localities for populations and taxa of central Texas hemidactyliine salamanders
cxamined in this study. Watersheds in which each locality is located are given where
not obvious based on the locality name. In cases in which formal taxon names have
been assigned to populations from particular localities, those names arc used.
Informal groups to which populations have been assigned based on this study arc
listed where appropnate.

BANDERA COUNTY

Murphy's Spring (Wedgeworth Creck South Spring), Sabinal River watershed,
29°48'00" N, 98°33'31" W. (Sabinal group).

Sabinal Canyon Spring, Sabinal River watershed, 29°49'26" N, 99°34'01" W.
(Sabinal group).

Sutherland Hollow Spring, west prong Medina River, 29°44'S8" N, 99°25'36" W.
(Carson Cave group).

BELL COUNTY

Salado (Big Boiling, Main, or Siren) Springs, Salado Creck, 30°56'37" N,
97°32'31" W. (Salado group).

Salado (Robertson) Springs. Salado Creck, 30°56'37" N, 97°32'39" W. (Salado
group).

BEXAR COUNTY

Hclotes Creck Spring, Medina River watershed, 29°38'15" N, 98°41'40" W. ([-.
neotenes -- type locality).

Lecon Springs, Leon Creck, Medina River watershed, 29°39'46" N, 98°38'14" W.
(I, neotenes groupy.

BLANCO COUNTY

Boardhousc Springs, Blanco River watershed, 30°06'40" N, 98°18'07" W. (/.
plerophila group).

T-Cave, Blanco River watershed, 30°04'36" N, 98°19'46" W. (F. prerophila
group).

Zercher Spring, Blanco River watershed, 30°06'10" N, 98°2725" W. (F. pterophila
group).
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COMAL COUNTY

Badweather Pit, Cibolo Creek watershed, 29°4521" N, 98°37'13" W. (F.
Iridentifera).

Comal Springs, headwaters of the Comal River, 29°42'49" N, 98°08'13" W.
Ebert Cave, Cibolo Creck watershed, 29°45'06" N, 98°2328" W. (E. tridentifera).

Honey Creek Cave, Guadalupe River watershed, 29°50'50" N, 98°29'30" W. ([-.
Iridentifera -- type locality).

Rebecca Creek Spring, Guadalupe River watershed, 29°55'28" N, 98°22'22" W. ([:.
latitans group).

EDWARDS COUNTY

Smith's (= Dutch Creck) Spring, Nucces River watershed, 29°39'09" N,
100°06'12" W. (Carson Cave group).

West Nucces River Spring, 29°4320" N, 100°24'51" W. (Carson Cave group).
GILLESPIE COUNTY

Trough Spring, Pedernales River watershed, 30°08'36" N, 99°04'40" W. (Carson
Cave group).

HAYS COUNTY

Ezell's Cave, San Marcos River watershed, 29°52'27" N, 97°57'34" W. (/-.
rathbuni) .

Fern Bank (Little Arkansas) Springs, Blanco River watershed, 29°59'00" N,
98°00'49" W. (I pterophila -- type locality).

Grapevine Cave, Blanco River watershed, approximately 30°0230" N, 98°12'45"
W. (F. prerophila group).

Rattlesnake Cave, San Marcos River watershed, 29°54'07" N, 97°55'17" W. (I,
rathbuni).

San Marcos (Aquarcna) Springs, pipc outflow at submarine theater, headwaters of
the San Marcos River, 29°53'35" N, 97°55'50" W. (I, rathbuni).

San Marcos (Aquarcna) Springs, hcadwaters of the San Marcos River, 29°53'35" N,
97°55'50" W. (F. nana -- type locality).
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KENDALL COUNTY

Bear Creek Spring, Medina River watershed, 29°48'15" N, 98°52'10" W. ([.
latitans group).

Cibolo Creek Tributary Spring, Cibolo Creck watershed, 29°49'03" N, 98°51'43"
W. (F. latitans group).

Kncedeep Cave Spring, Guadalupe River State Park, 29°52'31" N, 98°29'05" W.
(I latitans group).

Less Ranch Spring, Guadalupe River watershed,29946'40" N, 98050'52" W. (I-.
latitans group).

Mucller's Spring, Medina River watershed, approximately 29°44' N, 98°4730" W.
(E. neotenes group).

Pcavey's Springs, headwaters of the Blanco River, approximately 30°0530" N,
98°39'30" W. (K. pterophila group).

Pfciffer's Water Cave, Guadalupe River watershed, 29°45'44" N, 98°39'59" W. (/-.
latitans -- subterrancan extension of type locality).

KERR COUNTY
176 Spring, Guadalupe River watershed, 30°05'18" N, 99°19'14" W.

Cherry Creek Spring, Guadalupe River watershed, 29950'41" N, 98056'S2" W. ([
latitans group).

Cloud Hollow Spring, Medina River watershed, 2995036" N, 98057'14" W ([
latitans group).

Edmunson Creck (Camp Mystic) Springs, Guadalupe River watershed, 30°00121-3"
N, 99°21'43-54" W.

Fessenden Springs. Guadalupe River watershed, 30°10°00" N, 99°20'32" W.
(Carson Cave group).

Robinson Creck (Highway 16 South) Spring, north prong Mcdina River watershed,
29°54'55" N, 99°15'08" W.

REAL COUNTY

Greenwood Valley Ranch Spring #1, cast prong Nucces River, 29°5720" N,
99°58'17" W.
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Greenwood Valley Ranch Spring #2, cast prong Nucces River, 29°59'11" N,
99°57'S1" W.

Greenwood Valley Ranch Spring #3, cast prong Nucces River, 29°59'22" N,
99°57'13" W.

Tucker Hollow Cave, Frio River watershed, 29°44'33" N, 99°46'42" W.
TRAVIS COUNTY

Balcones Community Park Spring, Walnut Creck watershed, 30°24'45" N,
97°43'02" W. (Jollyville Platcau group).

Barrow Hollow Spring, Bull Creck watershed, 30°2233" N, 97°46'02" W.
(Jollyville Platcau group).

Barton Springs, Barton Creck, 30°15'd49" N, 97°46'14" W. (k. sosorum -- type
locality).

Bull Creck (Hanks Tract) Spring, north fork Bull Creck, 30°2538" N, 97°49'08"
W. (Jollyville Platcau group).

Bull Creck Spring Pool (New Bull Creek Spring), west fork Buii Creek, 30724'59"
N, 97°49'00" W. (Jollyville Platcau group).

Canyon Creek Spring, north fork Bull Creck, 30°25'33" N, 97°48'51" W.
(Jollyville Platcau group).

Canyon Vista Spring, Bull Creck watershed, 30°25'51" N, 97°46'55" W. (Jollyville
Platcau group).

Hammett's Crossing Spring #1 (Pedernales Spring #1), Pedernales River, 30°20128"
N, 98°08'14" W. (Pedernales group)

Hammett's Crossing Spring #2 (Pedernales Spring #2), Pedernales River, 30°20'23"
N, 98°08'15" W. (Pedernales group).

Horscthicf Hollow Spring, Bull Creck watershed, 30°24'31" N, 97°49'00" W.
(Jollyville Platcau group).

Kretschmarr Cave, Colorado River watershed, 30°24'47" N, 97°51'10" W.

Schlumberger Spring, headwaters west fork Bull Creck, 30°25'15" N, 97°50724"
W. (Jollyville Platcau group).

Stilthouse Hollow Springs, Bull Creck watershed, 30°2228" N, 97°45'55" W.
(Jollyville Platcau group).
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Wheelis Springs, Long Hollow Creck, Colorado River watershed, 30°27'42" N,
97°5228" W. (Jollyville Platcau group).

UVALDE COUNTY

Carson Cave, West Nucces River watershed, 29°28'50" N, 100°04'44" W. (Carson
Cave group).

Wetback Spring, Sabinal River watershed, 29°35'12" N, 99°36'14" W. (Carson
Cave group).

WILLIAMSON COUNTY

Avant's (Capitol Aggregates) Spring, middle fork San Gabricl River, 30°38'44" N,
97°44'11" W. (Lake Georgetown group).

Bat Well, Cowan Creck watershed, San Gabriel River drainage, 30°42'10" N,
97°42'59" W.
Brushy Creck (Round Rock) Spring, 30°31'00" N, 97°39'38" W.

Buford Hollow Springs, just below Lake Georgetown Dam, north fork San Gabricl
River, 30°3939" N, 97°43'36" W. (Lake Georgetown group).

Buttercup Creck Cave (Buttercup River Cave), Buttercup Creck Karst, Brushy Creck
watershed, approximately 30°29'33" N, 97°50'44" W. (Buttercup Creck Cave
group).

Cedar Breaks Hiking Trail Spring, south shore of Lake Georgetown, north fork San
Gabricl River, 30°39'36" N, 97°45'02" W. (Lake Georgetown group).

[lex Cave, Buttercup Creek Karst, Brushy Creek watershed, approximalely
30°2928" N, 97°50'50" N. (Buttercup Creek Cave group).

Knight (Crockett Garden) Spring, south shore of Lake Georgetown, north fork San
Gabricl River, 30°39'50" N, 97°45'04" W. (Lake Georgetown group).

T.W.A.S.A. Cavc, Buttercup Creck Karst, Brushy Creek watershed. approximately
30°29'49" N, 97°50'48" W. (Buttercup Creck Cave group).

Testudo Tube, Buttercup Creek Karst, Brushy Creck watershed, approximately
30°29'35" N, 97°51'23" W.

Trechouse Cave, Buttercup Creck Karst, Brushy Creek watershed, approximately
30°29'55" N, 97°50'07" W. (Buttercup Creck Cave group).
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APPENDIX 3. Cytochrome b sequence, from positions 44 to 398
within the gene, for central Texas Eurycea and outgroup menmbers.
Texas group members are listed by general area of occurrence.
"E. trid." = E. tridentifera and "E. quad." = E. quadridigitata

Northern

Testudo Tube

Ilex Cave
Kretschmarr Cave
Stillhouse Hollow
Borsethief Hollow
Round Rock

Cedar Breaks

Bat Well

Salado

San Marcos

E. rathbuni

E. nana
Southeastern

E. sosorum

E. latitans

E. trid. BW Pit
E. trid. B.C.Cave
E. trid. Eb. Cave
Boardhouse

Cibolo Creek
Cloud Hollow
Comal Springs
E.C.Cave Spring
E. neotenes
Pedernales
Rebecca Creek
Southwestern

E. troglodytes
176 Spring

Camp Mystic
Carson Cave
Greenwood Valley
Sabinal Canyon
Smith‘s Spring
Sutherland Hollow
Trough Spring
Tucker H. Cave
Outgroup

E. bislineata

E. longicauda

E. multiplicata
E. guad S8C

E. gquad TX

E. wilderae
Haideotriton
Typhlotriton

TTAACAACTCATTTATTGATCTCCCAGCCCCTTCTACCTTATCCTACT

222 i i cecceccccscccccnscccccsncccncaccssossssonone
222222 ittt cctecccttcccccnnscccnncns 2t eeceeens
222222 it ie it ecteeeeenn Geveereenennn 2.Geeennn
222222 ittt it ittt eccct et ccsnns 22G.......
2222 . ittt teteccccrcccacsncccnnnnnn 22.G..ennn
2222 ceececncocnnnse Chovrennnennecccacsnanns Gevvennn
2222 . ceciccccncnces Coere teieiceeaaa 222G.......
222 it eecctertccccrctotcrcscconsosncsnnse 2.Geeen.
2222...T..C.ecacn.. C..A...A....C..C.A...2..T..T.
222240000 Covevannn c..T...2....G..A.A.C.2..T....
22 ceecene Ceceennnn Cevevennnnne G..A.A?..... T...C
22222..... Covvnennn Civenennnennn C..A.AT..... T...C
2222...... Covevenne C.vnnn 2eee.. C.2222T..... T...C
?222222....Ceiivn... Covenennnennn C..A.222....T...C
22222..... Coceeenn Ceeennennnne C..A.A?22....T...C
2222...... Covennnnn Cocuann 20eees C..A.AT?2....T...C
222222....C... .. Cevecennnnnn G..A.22..... T...C
22222222..22....... C..?2cecennn C..A.AT..... T...C
2222, 0000 Ceeenent Covrennenaa G..A.AT?2....T...C
2222..2...Ceiiiaa. Covennnnnann C..A.AT..... T...C
2222222...Cenvac.n.. Cevennennnnn G..A?222..... T...C
222222222.C. ... C....22.2...G.2A.A2222..T...C
222222 ....Cennnncnn Civevennnene C.2a222..... T...C
2222222...C........ C.onnt Ceennn A..A.A22....T....
222222.... T C..... 20 G..A.A?2C....T....
2222...... Covenennn Cevennecnnne G..A.A.C....T....
2222222...Cecencncen C..... Covon G..A.ATC.2...... C
2222222...Ceaiii Covinnnennne G..A.A2C....T....
22222..... Covennnen Cevnv C.vevt A..A.AC....T....
22222222..Ce vt nncnn Coven 2.2..2G.2A.222.2...... cC
222222....Ceaian... Cocenn 2....2A..A.A22....T....
222222....Cenvnin.. Cevnnnennnn G..A.A2C....T....
22222222..C........ C..... Ceernn A..A.22C....T...C
2222...... Teveaenns C..... Ceeern A....A.C.2..T...C
22227..... Corennnncecnnans Coevann A..A.G?2....C....C
2222...... Coveennnn Coonnt C..... A..A.G.C.G.C....C
2222...... Covnnnn C..... Coonln A..A.G.C.G.C....C
2222T..... ) CA....A....GTC.G.C.....
222272.... T ... Covnnn C..oe A...2G?22.2..T....
LC..T.... Teeverecaosnnanna CA....A....GTC.G.C.....
22222..T. ... C.cnn Ca....G..A.G.C.G.CT..T.
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Appendix 3 continued

Northern

Testudo Tube TATGAAATTTTGGCTCTCTCTTAGGAGTCTGCCTAATTTCACAAATTCT
T1eX CAVE = ot itietenneeesencecenssesaeseossnasssossneccsananans
RretSChmary Cave ..t ieeeeeereeeeeoeeneeseeneconasssennnenasnenneasn
Stillhouse Bollow ....... C ittt ettt esteeacensnsecccacasscaseanennes
Horsethief Hollow ....... Clitieittiicceeeeasacoassasscsnasanaseaosenss
Round Rock = ....... Gt tiitieeeeeceesesssosssacccacossacceannnanas
Cedar BreaksS .teeceecceenen L Teeereennn
2 A = 0
L= 0 X T 1
San Marcos

E. rathbuni = ....... Civeonn A..C..A...... C.Tevnueenn Aceiinnenn T.
E. nana = = tieeeen Covvn A...o.. Teoooo CA.irreiinnsns A...ieeen T.
Southeastern

E. sosorum === @ .i...... Ceennn A..... Teeeoo ChAiveinrenaes P T.
E. latitans = ....... Covvnn A.een. Teee.. CA..une Teoen. Aceeeennn T.
E. trid. BW Pit ....... Coovn A..... Teeene ChA.eiienennne Aveereans T.
E. trid. H.C.Cave ....... Covunn Acev.n T..... CA.iveennnnen Aceeeennn T.
E. trid. Eb. Cave ....... Cevenn A..... Teeoouo CAeverennnnnn Aceeeenns T.
Boardhouse = ....... Covnn A..... T.ueo.. CA.iiiennnann Aceeenna. T.
Cibolo Creek = ....... Covunn A..... Tevenn Cheveeennnnnn Beveeeann T.
Cloud Bollow = ....... Covenn A.ce.. Teueuwo CA.ieeennenne Aceeeannn T.
Comal Springs = ....... Cevvne A..... T..... CAeerinnnnnns - T.
H.C.Cave Spring ....... Ceernn A..... Teeeno Chevrvennnnns Beeveenns T.
E. neotenes = c.iese. C.ev... A..... Teo.o.. CAiveernnnnns Ao T.
Pedernales .2..2..C..... A..... Teeeun Th.eeiescenss D - G T.
Rebecca Creek @ ....... Covenn A..... Teoon. CA.viiinnneann Acieeennn T.
Southwestern

E. troglodytes  ....... C..... S O A........ T.
176 spring  ....... Cocn. - S O Ac..o.... T.
Camp Mystic = ....... Covnnn S CA.veennnn T.
Carson Cave @ = ....... Covtn A..Coeilerenrenanans TC...Avi i v T.
Greenwood Valley ....... Coon R Aceennann. T.
Sabinal Canyon = ....... Covvnn S Acviunnnn. T.
Smith’s Spring  ....... Ciennn A..C..T..... T.2222....... Acevunn.. T.
Sutherland Hollow ....... Covienn - N O Aveeeenns T.
Trough Spring = ....... Coonn < O Accean... T.
Tucker H. Cave  ....... C.... - N | - T.
Outgroup

E. bislineata @ ....... Civenn G..CC.T e tieinnennann Teeoun Aveeenn. CT.
E. longicauda @ ....... Coonn A..CC........ A.Teeuieen.. ChR....... CT.
E. multiplicata  ....c.eceasa.. B CA....G..CT.
E. guad SC = L.i.iiiiieoa.. D L Ca....G..CT.
E. gqguad TX = ....... C..... A..CC.T...... N Aceennenn. T.
E. wilderae @ = ....... Cevvnn G..CA.Teereeann A...T..... A...2...CT.
Haideotriton = ....... Covwn A..CC.T.....n A.Teeieeaen Aeieeean CT.

Typhlotriton = ....... C..C..A...C.A...... - Aceee... c..



Appendix 3 continued

Northern

Testudo Tube

Ilex Cave
Kretschmarr Cave
Stillhouse Hollow
Horsethief Hollow
Round Rock

Cedar Breaks

Bat Well

Salado

San Marcos

E. rathbuni

E. nana
Southeastern

FE. sosorum

E. latitans

E. trid. BW Pit
E. trid. H.C.Cave
E. trid. Eb. Cave
Boardhouse

Cibolo Creek
Cloud Hollow
Comal Springs
H.C.Cave Spring
E. neotenes
Pedernales
Rebecca Creek
Southwestern

E. troglodytes
176 Spring

Camp Mystic
Carson Cave
Greenwood Valley
Sabinal Canyon
Smith’s Spring
Sutherland Bollow
Trough Spring
Tucker H. Cave
Qutgroup

E. bislineata

E. longicauda

E. multiplicata
E. quad SC

E. quad TX

E. wilderae
Haideotriton
Typhlotriton

206

ARCAGGCCTATTTCTCGCAATACACTATACTGCAGATACTACTTCCGCA

.................................................

............

..............

.....

.................................... C..C..C......
.................................... Covennnnnnnn.
............................................... G.
....... P Y o R o SR o S - W
ce-G. . Tee.... S T..Covcvnn.. cC..Cc..C..a...

R € P Teeeaaann T..Covvccnn. c..C..C..Aa...

eeGee Tevien. Teeonoone T..Covvenn.. c..C..C..a...
ceeGee . Tenee... Teceneann Te.Coeevenen C..C..C..a...
ce G Tee..... Teeenceen T.eCovevennn Cc..C..C..Aa...
eeeGee . Teea.. Teveeennn T..Cocvcnn.. Cc..C..C..A...
[ € A TeeCovirenenn Cc..C..C..Aa...
eeeGo . Teen... N T..Covvnnnn Cc..C..C..a...
R B . T..Covuccnn.. C..C..C..a...
P ¢ P P TeeCovveenn Cc..C..C..a...
P PRSI Teeennene TeeCuovnennn C..C..C..A...
ceeG.. . Tue.... Teeeeenn. T..Ceeavean Cc..C..C..a...
vesGe T, Teeeennnn T..C..ovnn.. C..C..C..A...
T..G...Te.n.... Teeeeeans Te.Coveennnn C..C..C..A...
P € P Teeeeanns . Cc..C..C..a...
ce.G...T....... Teeeeeenn Teeeeennnann C..C..C..A...
P P Teeeenenn Teeeanneenne Cevnnn C..A...
....... T.eoevwoPeveeeeePeeiaee...C..CL.CLLAL..
eesGo Tt Teoeennns Teeeeenneenn C..C..C..A...
<o Gl Tl Tereeenen S c..C..C..a...
....... O P & SR © Y o T -
eeeGee T P . C..C..C..Aa...
P € Teoeoeanan S C..C..C..A...
P ¢ R Teeeennnn Teeeeeennnnn Cc..C..C..A...
...... A.....C..0. ..o T GoeealCull L T
...... AT.......T........T..C........Civ.Cuinae
...... GTr....C..T...........C..C.....C..CGTC..A...
...... GT....C..Te..........C..C.. . C..CT.C..A. ..
....... TeeeeeeeTereeeea.CilColCoCllCuinnes
...... A.....C..Peciiiinieennnaa..G..C..CL.Coanl..
Teonwo AT....... T..T.oooo.. c..C..G..C..CT.C..T...

by C..CTC
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Appendix 3 continued

Northern

Testudo Tube

Ilex Cave
Kretschmarr Cave
Stillhouse Hollow
Horsethief Hollow
Round Rock

Cedar Breaks

Bat Well

Salado

San Marcos

E. rathbuni

E. nana
Southeastern

E. sosorum

E. latitans

E. trid. BW Pit
E. trid. BH.C.Cave
E. trid. Eb. Cave
Boarcdhouse

Cibolo Creek
Cloud Hollow
Comal Springs
H.C.Cave Spring
E. neotenes
Pedernales
Rebecca Creek
Southwestern

E. troglodytes
176 Spring

Camp Mystic
Carson Cave
Greenwood Valley
Sabinal Canyon
Smith’s Spring
Sutherland Hollow
Trough Spring
Tucker H. Cave
Outgroup

E. bislineata

E. longicauda

E. multiplicata
E. guad SC

E. guad TX

E. wilderae
Haideotriton
Typhlotriton

TTTTCCTCCGTGGCCCACATTTGCCGTGATGTAAATTATGGCTGACTTG

D R I I R I A IR I RN A R R A A S I I IR

..Cooo.. B Covinnnnnnnn Covinnnennn A
..Coen. D cC.
eeCraene L C.
«.Coce PP eieeeeeessoveasososncssscccccnnasocnnonss
..Coeaa. B £
eeCeveee e e eiceecooecoosssossssasosssccsscascnssnss
..Coe... P
..Coonl. T £
-..C..... L
..Coaan L
..Coo... T
..C..... B
..C.o... et eeeeeeeeeeeeceansncssnscsssccannsonans 2.
«eConee 7 - C.
..C..... B
..C..... . Coreiinienennn
..Cooa.. B Tt eeeeeeecanennenncnnns T
........ B £V L ¢
«.Coa.. T £ Covevenan C.
«Coeeee T..... B Covennnn Covereeeeiee.
c.Coean. Tevene T eeececcnccnccacnnoans Cereiiee e e et
«.Cocl.. T C..2..... C.
N Teveoo Teeeeeeaennsnsecnnncnans Chanenieieian.,
........ N ¥
..C..... Teeewn Peeeeecceececcacacnacons C..2.......
«.Coealn T..A..T..T.ccc.... A..C..... C..... A..... G.
c.Coenlt T..A..... T..C..... A..C..Teuccunn.. Tevonn A.
..C..T..T..A..... T..C..... - P A.
..C..... T..A..... T..C..... - P A.
........... A..T.....CivvedBAiiieeeeee.ColTeeeo...
S O . Teeeeenenn A..... GG?2...... Teveeennn
........ - s LY W
..... T..A..A..A..T..C.....A ... ...C..A.....G.
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Appendix 3 continued

Northern

Testudo Tube TACGCAGCATTCACACTAATGGAGCATCACTATTCTTTATTTGTATGTA
IleX CAVE = f it ersevssscssccascncencosascossccoasacescecensss
RretsSchmMarr CAve v eiiiveceeeeeacecccsscsocasaceesseonsnssnnness A..
Stillhouse Hollow .G..... R Geverovoonannnn 2..Cevnn A..
Horsethief Hollow .G..... P eeenscosacanna 3 2..C..... A..
Round Rock Gevewn T e eeveosnaoossscesonsssscssosecanenans Coevnnn A..
Cedar Breaks = ...... AT..... eeeConeecennncstecansscnnna Ceennn A..
Bat Well  .(...... L A..
Salade = L...... Y Cevnn. A..
San Marcos

E. rathbuni G..T. AT e et incenns Cevvnn G...A.C.ivnann C..... T..
E. nana G..... B . CA.C....n CA.Civivinen C..C..T..
Socutheastern

E. sosorum Geoane Teeeeeennens C..C..... CA.Civvnnnne c..C..7T..
E. latitans Geoeonn Teerecneanns C..C..... CA.C..ccva.. c..C..T..
E. trid. BW Pit Geoun T eeeencnaes C..C..... CA.Civvunens Cc..C..T..
E. trid. B.C.Cave .G..... U C..C..... CA.Civvnnnn. c..C..T..
E. trid. Eb. Cave .G..... . C..C.on... CA.C........ C..C..T..
Boardhouse G..an 1 C..C..... CA.C.vvennnn C..C..T..
Cibolo Creek .G..... P eeeconceas CeeCuvvnn CA.C........ c..C..T.?
Cloud Hollow G..... L . C..C..... CA.Covvviennn C..C..7T..
Comal Springs .G..... Teeenenanans C..C..... CA.Civuvnnnn C..C..T..
B.C.Cave Spring .G..... Teveonconnans C..C..... CA.Covvnnnn C..C..T..
E. neotenes Geoow T oeeecennoas C..Covonn CA.C.vveeann c..C..T..
Pedernales G..... Teeeoenconas C..C..... CA.Cioveennn C..C..T.G
Rebecca Creek .G..... 2 e et eececna C..C..... CA.C.ovevenn C..C..T..
Southwestern

E. troglodytes @ ....... P e teeneeenececannnnns CA.Civivnnnnnnnnnn T..
176 Spring = ....... 2 CA.Civiiiiniinnnn. T..
Camp Mystiec = ...... Ac..o... 2 CA.Civvrennnnnnnnn T..
Carson Cave = = c.ieeens e eeeeeconns Coeentn G..CACC........ C.... T..
Greenwood Valley ....... e CA.Coviiieii. T..
Sabinal Canyon = ....... B CA.Coverrencnnnnans T..
Smith’'s Spring  ....... Tevnrenennns Cocv.. G..CACC........ C..... T..
Sutherland Hollow ....... s CA.C.CT.eirennnnnn T..
Trough Spring = ...... Ac..... Tt et tiecennnns CA.C.CT e eenncnnn. T..
Tucker H. Cave @ ....... 1 CG.Chiiitecnnncaanns T..
Outgroup

E. bislineata .G..T.AT..... Tevecenncons CeeTA.T. . Teeeennaancnn T..
E. longicauda B A T..TA...CT..2..... C..T..
E. multiplicata ..oeeeeeeccecnens C..C..... O A T..
E. gquad SC = ciiieieiiennnan. C..C..... O T..
E. quad TX = .c..... AT . e ceieoacas Cevewn cC.. TA.T7..T..C..... C..T..
E. wilderae = = ...... AT..... Teeewn C.venn C..TA.T..Tueeeenaannn T..
HBaideotriton PR ¢ JRRD -\ C..TA.T..T..C..... C..T..

Typhlotriton = ...... ATG.cevenenen Covenn O . T..
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Appendix 3 continued

Northern

Testudo Tube TCTACACATTGGACGGGGCCTATATTATGGCTCTTACATATTTAAAGAA
J1lex CAVE ittt tets e et ceee et eeeree et
RKretSChMAry CAVEe i oot eeeeeererssesncecsssceecsacsaananannnosocescansss
StillhousSe HOlLlOW B .. cecereeeccccancanaconnanoanacans Pesonncncanan
Horsethief HOLloW ... ..ciieeeeeeenneeneecanconnnnonens Terrnenncanas
Round Rock T Toeeeonnconan
Cedar Breaks Clittiteeneeeeeesnesesssncnsssscssscaocecnescacennes
Bat Well e
Salade = ...... P e ie e eeeseacesaccosesossssscanacscessnseces
San Marcos

E. rathbuni C..leeTeveennnn Teuvene Geveeeocannn Aceeennn Aciiiaas
E. nana (ORI LT A A..T..G.A...G...
Southeastern

E. sosorum (OIS PR P areeceosnnsesnans A..T..G.A...G...
E. latitans (O L L Teeeoeeoocancoccsna A..T..G.A...G...
E. trid. BW Pit C.eleuTevenennn 2 A..T..G.A...G...
E. trid. BE.C.Cave C..T..T..cccu... Teveoeceacaonsoaans A..T..G.A...G...
E. trid. Eb. Cave C..T..T.vcee... o eeeneeannnonas A..T..G.A...G...
Boardhouse CoeTeeTeennonnn . A..T..G.A...G...
Cibolo Creek CoeTeeTeveenaann I A..T..G.A...G...
Cloud Hollow CeoPeeTuinnnennn P A..T..G.A...G...
Comal Springs CeeTeeTevenennnn T tneesesesecannns A..T..G.A...G...
H.C.Cave Spring C..T..Tevuenn.. ) A..T..G.A...G...
E. neotenes [OIR L ) A..T..G.A...G...
Pedernales RS (PR . A..... G.A...G...
Rebecca Creek C..Pe.Teeenennn P A..T..G.A...G...
Southwestern

E. troglodytes R R Geeevenn Goevennnenn A..T....A.......
176 Spring Coele il iitiiennenenn Gewerininenn Acvuenn. Aciiennn
Camp Mystic C..T..T..... Geevevvnn Geverrnnnnnn Acceeo.. Accien..
Carson Cave [ . A..T....A ...
Greenwood Valley C..T..T..... Goivevvnn Gevrvernnnn. A..T....A .ot
Sabinal Canyon ) ) Geevnnno Govivrnnnnnn Bevuneenn Aoiean.n.
Smith’s Spring Co el i it iiteeneneenceacannanann Acc.en.. Ao,
Sutherland Bollow ...T..T..... Geveeonno Geeeronennann A..T....A c.c...
Trough Spring C..T..T..... Gevevnn Geeeennnenen Aceren.. Aceivn..
Tucker H. Cave C..T..Tec.n.. Geeeeeenn Geveseononnn Aceeenan A.......
Outgroup

E. bislineata R R L Y T..GeePeeeeeenenann
E. longicauda T R A...Te..eCuiviennn. A..... G..C......
E. multiplicata B b A..T....Bueu....
E. guad SC cesTeeiii i, - A - S
E. guad TX eesGonnn Coo... < A..T..... 2ieenn.
E. wilderae c..CoTue. .. C..A....72...C..... T..A....c.... 2. G
Haideotriton ce.T..T....CG..A..... Geeeerennanennn Teeeencaanna G

Typhlotriton B - A..T....A...... G
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Appendix 3 continued

Northern

Testudo Tube ACCTGAAACATCGGAGTTATTCTTTTGTTTTTAGTAATAGCGACAGCAT
Ilex Cave = (i ieeeeccecena Gevevaonann 2 e eeterearsesesssenncacans
Kretschmarr Cave ......cceeeee- Geeeenenereesncacannncens - ?
Stillhouse BoOllow ...ccceeeecen. Goveeeoonononnesnsecnoana 2t
Horsethief Bollow ......cceeee.. Gttt ittt ecescecaaaccaanas 2 et
Round ROCK = i cecevececnss Gettttte it eesersscenccanccssnsecacens
Cedar Breaks = ..... Geteeressssssesnnnsscssasscsaancanens 2...2...
= B = 222?
Salado = =000 il eeiiencaces Geovennnne 2 e e ececccccsacncneann 2...
San Marcos

E. rathbuni P L Tevewn Covenn A..B.iieeannn Tevenn A.ieeno.n
E. nana eeTeeees B A..Aiieennas Teeeoo Beieeses
Southeastern

E. sosorum eeToenen S | G..A.cieenan Teouo.. A.ceoa.n
E. latitans R U b A G..Bivevennn T...2.A...2..2
E. trid. BW Pit eeTeoenn 1 GeBAivewnnoon T...2.A...2..7
E. trid. B.C.Cave ..T..... b G..A........ Teve.. A...?2.22
E. trid. Eb. Cave ..T..... TeeTeeieeaaenns G..A...vune. T...2.A...... C
Boardhouse N b GeeBeveeanan Teveno A...2222
Cibolo Creek e T b A GeeBivevenan Teo... 2 e
Cloud Hollow ceTeen.e b [ A - Teee?2.BAccen.. C
Comal Springs N TeoTeeeeennnnnn G..Aeervuenn. Tewenn A...o....
B.C.Cave Spring ) T..T.ue..... ...G..A ... Tewonn A.oeo...
E. neotenes P Teeleceeeeeeanns [ Teooun A..22.2?2
Pedernales N T..Teu.n.. Ceevnn G..A. ... Tevens A.ceeno..
Rebecca Creek P A G..A........ b A..... 2?2
Southwestern

E. troglodytes R T..Te.... C...T.Aciivneen... C...222.......
176 Spring T Teueno Coe.T.BAevnnn.. A.C..... Aoeev...
Camp Mystic R T..T..... CoeoTBeveennnnnn. Tevenn A...2?2.7
Carson Cave .7l Te.Tecoen C...T.A2..Cenvensun Teooore Boveeeon
Greenwood Valley ..T..... T..Touen. C...T.A...C....... C...2.A.......
Sabinal Canyon T, T..T..... C...T.Aecirennn... C..... Accee...
Smith’s Spring LT .. T..T..... C.oe.T.Beciieennnn. Teeeo?20inn..
Sutherland Hollow ..T..... T..T..... C.eeTBeieeennann. Connnn A.eeenen.
Trough Spring P N T..T..... CoetTBeieinnnnnn. T..... A...2..2
Tucker B. Cave R T..T..... |G L - C..... A.......
Outgroup

E. bislineata c.ceeceecen. T..... A...... [ O - N Aceeenn.
E. longicauda @ .....i.e.... p C?2.AC.B..cev... G..... A....22?
E. multiplicata ........ T..Tev... C..C..CC.A........ C..G..Tvvunn.
E. guad SC = ........ T..Tev... C..C...C.A. it A.......
E. guad TX = ........ T..Teen.. C..C..2C.A . iiiiinnn.. A.......
E. wilderae = = ....iciennen Pt enennans A ST - G A..eea..
Haideotriton = ........ T..T..... Cocnnn CClhitnenenenceeanns A....?2..

Typhlotriton B A..... CC....C..... Aceennnn



Appendix 2 continued

Northern
Testudo Tube
Ilex Cave

Kretschmarr Cave
Stillhouse Hollow
Horsethief Bollow

Round Rock
Cedar Breaks
Bat Well
Salado

San Marcos
E. rathbuni
E. nana
Southeastern
E. sosorum
E. latitans

E. trid. BW Pit
E. trid. H.C.Cave
E. trid. Eb. Cave

Boardhouse

Cibolo Creek
Cloud Hollow
Comal Springs

B.C.Cave Spring

E. neotenes
Pedernales
Rebecca Creek
Southwestern
E. trogloedytes
176 Spring
Camp Mystic
Carson Cave

Greenwcod Valley

Sabinal Canyon
Smith’s Spring

Sutherland Hollow

Trough Spring
Tucker B. Cave
Outgroup

E. bislineata
E. longicauda

E. multiplicata

E. guad SC
E. guad TX
E. wilderae
Haideotriton
Typhlotriton

TTGTTGGGTA??2?

.............

.C..C..A..TG?

PPPPV2V2222272

.............

2000 cna.. 22222
.Coonl 222222
2222222222222
.C..A..... 222
.Co.A.. ... TG?



APPENDIX 4. amino acid composition, from codons 16 to 134, of
mitochondrial cytochrome b in central Texas Eurycea and outgroup
members. "E. quad." = E. quadridigitata and "E. trid." = E.
tridentifera.

Northern

Testudo Tube NNSFIDLPTPSTLSYLWNFGSLLGVCLISQIMTGLFLAMBYTADTTSAF
Ilex Cave 2 i et eeccacanccsesenacatscccsacacccsoecoeeeaennn
RKretsChMarr CaAve 22 .. .ieeecetscsosscsassscncacececeseesessnaaacsnsnnns
Stillhouse Hollow 22......0... 2 et eeeeaoncccccsrtececasccsncecsanennn
Horsethief Hollow .....ccceeveen 2 et eteacsactenssecnna et ececaneeanann
Round Rock = ... eeececn. 2 it ecrsteccescsnsessanssncccssananenn
Cedar BIEaKS = it ceececsccccccseasossosascasocsaancascassnsnnenees
Bat Well = = ...iciiieieennn. 2 it ieecctensoscacsenasecsaeeearanenaeae
Salado =00 ciiiicceenene 2 et eceearsecoaccsrsoccscassstenanoneean
San Marcos

E. rathbuni = = ....iceceenn Neeeooooosoan L.eePuiiieeeeeneceenanceannn
E. nana@ = = < eieecssenses Neoeooanoooon T
Southeastern

E. SOSOorum === c.cececcses 2 et ncanons S
E. latitans = ¢.i.ceeecc.. . B
E. trid. BW Pit ......c..... 2 et eaeneneen O
E. trid. H.C.Cave 2?2......... S TeeePuiteioeeeoteoanncanns
E. trid. Eb. Cave ....ceeee.. 22 it R - N
Boardhouse = = = ....i.ici.0.... N2 ieiiereoooons e = .
Cibolo Creek 22t eecnnne . s =
Cloud Hollow 22 ittt Neweerooosoaans T. P ereteencanncenconsnns
Comal Springs = ........... N?2.eeeoeonnnn D
H.C.Cave Spring .......e..- Neeeeooeaann. s
E. neotenes 22 it 2 eeecescncens =
Pedernales 22...22.2..22 . ... s =
Rebecca Creek 22 i 2 ettt I. e P F ittt nnnanns
Southwestern

E. troglodytes 22 e, 22 et Poaeiinciancneeananns
176 Spring A S 2 ettt Periiitiieeieeaanaann
Camp Mystic = ......ice... Neeeereieeeeeann P ettt ettt i i
Carson Cave 22 it it 2 S
Greenwoed Valley 22......... 2 D
Sabinal Canyon = ........... Neveeooioiooeenns =
Smith’s Spring - S 22 i ieeeersnoennnn Pttt ieecnncaanans
Sutherland Hollow 2?2......... 22 ittt sccncanns =,
Trough Spring 22 et 2N =
Tucker H. Cave 22 it eel et ittt =
OQutgroup

E. bislineata @ ....ceeeca. Neveosoaoooon LeeePuieeiie i ceieteeeeana
E. longicauda @ ...... T2 <
E. multiplicata ........... S Poieiiietinnannean V...
E. gquad SC = ...ieiien.. L Piteiiecnecnannnn S...
E. quad TX = = cieeeennnns St iiiiiaee 1 S...
E. wilderae @ = ..iiieienenn 22 et P -
Halideotriton = ...ieceeeas -] B S...
Typhlotriton = ........... Seiieiiiea R S...
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Appendix 4 continued

Northern

Testudo Tube SSVAHICRDVNYGWLVRSIHTNGASLFFICMYLEIGRGLYYGSYMFKE
I1eX CAVE i i ietecececceesensasosnonoosssocacaseceaanneenens
Rretschmarr Cave ... iiiereenensocncooancanens S
StillhouSe HOLLOW et eeieennneennnnsnoacasescnnss B s
Horsethief BolloW .....ieceeeerennnonncnaconcses B e
Round ROCK = .t iiceieeeceecenccnosannasannns I. e eieeeenaoenann
Cedar BreaksS  tviieeecnecnsnencsaceocaneacaas Y
Bat Well e et ettt e et e et e s T ieeieneeen
Salado 000 i et e it eeieccenese s B
San Marcos

E. rathbuni = ... ciceecencen. M.N.ooooon s Y..
E. NANA = 0 i i i ieietrecccrcscnccacnenn T Y..
Southeastern

E. SOSOIruUm = = @i iieeetcosacecencnncsnns e Y..
E. latitans = = .. iiiiiiicetceereoeeaas s Y..
E. trid. BW Pit ittt enennoonecocenns T.eeooleeeeenonnannn Y..
E. trid. HB.C.CAVE .1t eevenecennoronnnooannns s Y..
E. trid. Eb. CaAVe ..t iernneernnnoonncans B T Y..
Boardhouse @ @ @ ....i.iiiiiiieiiitiiataaann e Y..
Cibolo Creek @ ittt iitreeenenenencnnns B s Y..
Cloud HOLLIOW = i ittt teeecccennnsnnnnnen e Y..
Comal SpPrings .. .ieniiiiiencenanennaennn S Y..
H.C.Cave SPring ...i.ceeeiiieeceacnaaannnns T Y..
E. neotenes @ i ittt ittt s Y..
Pedernales = = ... iiiiieiecarieeeenaean 5 Y..
Rebecca Creek @ tiiitiieeeenencennnacenns S Y..
Southwestern

E. troglodytes @ ...eiiiiiiitiiiiiannaaaan s Y..
176 SPring = iiiiiiiiccecana 2 e iiieea P Y..
Camp Mystic e 3 Y..
Carson Cave = ittt cccceeercateeeaann s Y..
Greenwood Valley ...iiiiiiiienanaciannannns s Y..
Sabinal CaANYON i eeeuiercerennccansennnns s Y..
Smith’s Spring  .tiiiiiiiiiinnennnnecnnnn. s . Y..
Sutherland HOLLOW .« vevreenenennncennnnanns IS. .ol iiiineeneann Y.

Trough Spring B Neweeono IS e eliieeinenncennn Y..
TUCKEr H. CAVE ittt teecennenoannnnnnes A Y..
Outgroup

E. bislineata8 @ .. cciieceeneacnnns Neeeeono B s Y.

E. longicauda @ .c.e.ieniiiinienncnanaanann R Y.

E. mUItiIiplicata@ @ cuoueeeeeceoencnennncennns 1 Y..
E. quad SC = ittt i et T Y.

E. quad TX = ceiiireennncnnnns Neoouonn QA R Y..
E. wilderae @ = ....c.iie... 2 iean Neeeoeon. B s ?2..
Haideotriton @ i.iieieeeeenccaces Nooownono B Y.

Typhlotriton @ .&.ciiiiiieencnnnn NV...... s Y.
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Appendix 4 continued

Northern

Testudo Tube TWNIGVILLFLVMATAFVG??
Ilex CAVE = i iieiecnceenacacens ?2?
Kretschmarr Cave ....cecceena. 2..22222
Stillhouse BOlloWw ..ceceveveen. 2 eienn v
Horsethief Hollow ....ccceuven. 2eennn Yv
Round ROCK .t eteeeennnnnneense 22
Cedar BreakS +.vicececaceenn 222227
Bat Well = ... ieiiincnnn 2222272
Salado =000 et e e iicaaeen 22222
San Marcos

E. rathbuni = = ...ttt ieieencnnnnen 2?2
E. nana = = 0 it eectecececnas 2.222
Scutheastern

E. SOSOrum = = tieeeoencccscoscnaes 222
E. latitans = i ieeeiencenn. 2.22222?2
E. trid. BW Pit  .....eeeenn.. ?2.222222
E. trid. B.C.CaAVe .+ivevecennnannn 222222
E. trid. Eb. Cave ...cceveeen.. 2.222222
Boardhouse = = ... .....i.i.icc... 222222
Cibolo Creek @ ittt nenennnnnnn 2222
Cloud Hollow = ... eiececcnan. 2..22222
Comal Springs .c.ceiceccecenccann 22?2
H.C.Cave Spring .....eeecinnsaconn 222
E. Neotenes | ticiieececccccnas 2.222
Pedernales = = .. iieiiicnncacnnnnn ?
Rebecca Creek @ ... iieitvennnnnn 222272
Southwestern

E. troglodytes @ ....ce.icia... ?2..22222
176 Spring = .....i..... I..... 2222
Camp Mystic = ... ..ieiiieen.. 222222
Carson Cave = L .i.iiiceccncnennennn ?2?
Greenwood Valley ............. 2..2222?2
Sabinal Canyon = .t...iierereccsccnan 222
Smith’s Spring  ............. 2cee.n 22
Sutherland HOllow ....cvveeeeneeeann. 22272
Trough Spring = .........c0c... 222222
Tucker H. Cave @ i iirieeeeeennnn 22222
Outgroup

E. bislineata = .. eeeeerececacncan 222
E. longicauda @ ...ieecenencaann 2222272
E. multiplicata ....cecceiceenannan 22?2
E. gquad SC = it iiiecccnecann 2..22
E. quad TX = = . iiitienneennannns 22
E. wilderae = ...... 2 it 22222
Haldeotriton @ @ ..ieeiveeccenns ?2...22

Typhlotriton @ ...ttt ieerncnananns ?



BIBLIOGRAPHY

Abbott, P.L. 1975. On the hydrology of the Edwards Limestone, south-central
Texas. J. Hydrol. 24:251-269.

Abbott, P.L.., and C.M. Woodruff, Jr. (eds). 1986. The Balcones Escarpment:
Geology, hydrology, ecology and social development in central Texas. Geological

Survey of America, San Diego CA.

Avisc, J.C., and R.K. Selander. 1972. Genetics of cave-dwelling fishes of the

genus Astyanax. Evolution 26:1-19.

Baker, J.K. 1957. Eurycea troglodytes: A new blind cave salamander from Texas.

Texas J. Science 9: 328-336.

Baker, J.K. 1961. Distribution of and key to the neotenic Eurycea of Texas.

Southwestern Nat. 6:27-32,

Birky, C.W., P. Fuerst, and T. Maruyama. 1989. Organclle gene diversity under
migration, mutation, and drift: Equilibrium expectations, approach to equilibrium,
cffects of heteroplasmic cells, and comparisons to nuclear genes. Genetics 121:613-

627.

215



216
Birky, C.W., T. Maruyama, and P. Fuerst. 1983. An approach to population and
cvolutionary genetic theory for genes in mitochondria and chloroplasts, and some

results. Genetics 103:513-527.

Bishop, S.C. 1941. Notes on salamanders with descriptions of several new forms.

Occ. Papers Mus. Zool. Univ. Michigan 451:1-21.

Bishop, S.C., and M.R. Wright. 1937. A new ncotenic salamander from Texas.

Proc. Biol. Soc. Washington 50:141-143.

Blair, W.F. 1958. Distributional patterns of vertebrates in the southwestern United
States in relation to past and present environments, pp. 433-468 In Zoogeography

(C.L. Hubbs ed.). Washington, D.C., AAAS.

Blair, W.F. 1965. Amphibian speciation, pp. 543-555 In The Quatcrnary of the
United States (H.E. Wright and D.G. Frey eds.). Princeton, N.J.: Princcton

University Press.

Bogart, J.P. 1967. Lifc history and chromosomes of some of the ncotcnic
salamandecrs of the Edward's [sic] Platecau. Unpublished MA thesis, Univ. Texas,

Austin.

Bremer, K. 1988. The limits of amino acid sequence data in angiosperm

phylogenetic reconstruction. Evolution 42:795-803.



217

Brown, B.C. 1942. Notes on Eurycea neotenes. Copeia 1942:176.

Brown, B.C. 1950. An Annotated Check List of the Reptiles and Amphibians of

Texas. Baylor Univ. Studies, Waco, TX.

Brown, B.C. 1967a. Euryceanana. Cat. Amer. Amphib. Rept. 35.1-35.2, ASIH.

Brown, B.C. 1967b. Eurycea neotenes. Cat. Amer. Amphib. Rept. 36.1-36.2,

ASIH.

Bruce, R.C. 1976. Population structure, life history, and cvolution of pacdogenesis

in the salamander Eurycea neotenes. Copeia 1976:242-249.

Burger, W.L., H.M. Smith, and F.E. Potter. 1950. Another ncotenic Eurvcea from

thc Edwards Platcau. Proc. Biol. Soc. Washington 63:51-58.

Buth, D.G. 1984. The application of clectrophoretic data in systematic studics.

Annu. Rev. Ecol. Syst. 15:501-522.

Cacconc, A. 1985. Gene flow in cave arthropods: A qualitative and quantitative

approach. Evolution 39:1223-1235.



218
Chippindale, P.T. 1989. A high-pH discontinuous buffer system for resolution of

1sozymcs in starch-gel electrophoresis. Stain Technol. 64:61-64.

Chippindale, P.T., D.M. Hillis, and A.H. Price. 1990. Molecular studics of
Edwards Plateau neotenic salamanders, Eurycea and Typhlomolge. Sec. 6 Perf.
Report No. E-1-2(3-4). Texas Parks and Wildlife Dept.,Austin, TX.
Chippindale, P.T., A.H. Price, and D.M. Hillis. 1993. A new species of
perennibranchiate salamander ( Eurycea, Plethodontidac) from Austin, Texas.

Herpctologica 49:248-259.

Chippindalc, P.T., and J.J. Wiens. 1994. Weighting, partitioning, and combining

characters in phylogenetic analysis. Syst. Biol. 43:278-287.

Conant, R. 1958. A Ficld Guide to Reptiles and Amphibians of the United States and
Canada East of the 100th Meridian. Houghton Mifflin, Boston.

Conant, R., and J.T. Collins. 1991. A Ficld Guide to Reptiles and Amphibians:

Eastern and Central North America. Houghton Mifflin, Boston.

Cracraft, J. 1989. Speciation and its ontogeny: The empirical consequences of
alternative species concepts for understanding patterns and processes of
differentiation, pp. 28-59 In D. Otte and J.A. Endler (cds.), Speciation and its

conscquences. Sinauer, Sunderland, MA.



219
Crother, B.1. 1990. Is “some better than none” or do allele frequencics contain

phylogenetically useful information? Cladistics 6:277-281.

Culver, D.C. 1982. Cave Life: Evolution and Ecology. Harvard Univ. Press,
Cambridge, MA, USA.

Dixon, J.R. 1987. Amphibians and Reptiles of Texas. College Station, Texas A&M

University Press.

Donoghue, M.J., R.G. Olmstead, J.F. Smith, and J.D. Palmer. 1992. Phylogenetic
rclationships of Dipsacales based on ribcL sequences. Ann. Mo. Bot. Gard. 79:333-

345.

Dowling, T.E., C. Moritz, and J.D. Palmer. 1990. Nucleic acids I1: Restriction site
analysis, pp. 250-317. In Molecuiar Systematics (D.M. Hillis and C. Moritz, cds.).

Sinauer, Sunderiand, MA, USA.

Ducllman, W.E., and L. Trueb. 1986. Biology of Amphibians. McGraw-Hill, New

York.

Dundcce, H.A. 1957. Partial metamorphosis induced in Tvphlomolge rathbuni.

Copeia 1957:52-53.



Edwards, R.J., H.E. Beaty, G. Longley, D.H. Riskind, D.D. Tupa, and B.G.
Whiteside. 1984. San Marcos River Recovery Plan, for San Marcos Endangered and

Threatened Species. USFWS, Albequerque, NM.

Emerson, E.T. II. 1905. General anatomy of Typhlomolge rathbuni. Proc. Boston

Soc. Nat. Hist. 32:42-76.

Felsenstein, J. 1978. Cases in which parsimony or compatibility methods will be

positively misleading. Syst. Zool. 27:401-410.

Felsenstein, J, 1985. Confidence limits on phylogenics: An approach using the

bootstrap. Evolution 39:783-791.

Felsenstein, J. 1991. PHYLIP: Phylogenctic inference package, version 3.4. Univ.

Washington, Scattle, USA.

Frost, D.R. 1995. (cd.). Amphibian Specics of the World. Allen Press/Association

of Systematics Collections, Lawrence, KS.

Frost, D.R., and D.M. Hillis. 1990. Species in concept and practice: Herpetological

applications. Herpetologica 46: 87-104.

Good, D.A., and D.B. Wake. 1992. Geographic variation and speciation in the

torrent salamanders of the genus Rhiyacotriton. Univ. Calif. Publ. Zool. 126:1-91.



221

Gould, S.J. 1977. Ontogeny and phylogeny. Harvard Univ. Press, Cambridge MA.

Graybeal, A. 1993. The phylogenetic utility of cytochrome b: Lessons from bufonid

frogs. Mol. Phylog. Evol. 2:256-269.

Grimshaw, T.W., and C.M. Woodruff, Jr. 1986. Structural stylec in an cn cchelon
fault system, Balcones Fault Zonc, central Texas: Geomorphic and hydrologic
implications, pp. 71-75 In Abbott, P.L., and C.M. Woodruff, Jr. (eds). 1986. The
Balcones Escarpment: Geology, hydrology, ccology and social development in

central Texas. Geological Survey of America, San Diego CA.

Gyllensten, U.B., and H.A. Erlich. 1988. Generation of single-stranded DNA by
the polymerase chain reaction and its application to direct sequencing of the HLA--

DQA locus. Proc. Natl. Acad. Sci. USA 85:7652-7656.

Hamilton, A.L. 1973. Some taxonomic aspects of certain pacdogenctic Eurveea of
the Blanco River drainage system in Hays and Blanco counties, Texas. Unpublished

master’s thesis, Southwest Texas State University, San Marcos, TX.

Harns, R.N., R.D. Semlitsch, H.M. Wilbur, and J.E. Fauth. 1990. Local variation
in the genetic basis of pacdomorphosis in the salamander , Ambystoma talpoideum.

Evolution 44:1588-1603.



222
Highton, R. 1990. Taxonomic treatment of genetically differentiated populations.

Herpetologica 46:114-121.

Highton, R., G.C. Maha, and L.R. Maxson. 1989. Biochemical evolution in the
slimy salamanders of the Plethodon glutinosus complex in the eastern United States.

Illinots Biol. Monogr. 57:1-153.

Hillis, D.M. 1984. Misusc and modification of Nei’s genetic distance. Syst. Zool.

33:238-240.

Hillis, D.M. 1995. Approaches for assessing phylogenetic accuracy. Syst. Biol.

44:3-16.

Hillis, D.M., and J.J. Bull 1993. An cmpirical test of bootstrapping as a method for

asscssing confidence in phylogenetic analyses. Syst. Biol. 42:182-192.

Hillis, D.M., J.P. Huclsenbeck, and C.W. Cunningham. 1994. Application and

accuracy of molecular phvlogenies. Science 264:671-677.

Hillis, D.M., A. Larson, S.K. Davis, and E.A. Zimmer. 1990. Nucleic acids I11:
Scquencing, pp. 318-372. In Molccular Systematics (D.M. Hillis and C. Morit,

cds.). Sinauer, Sunderland, MA, USA.



223
Hillis, D.M., and C. Moritz. 1990. An overview of applications of molecular
systematics, pp.502-515 In Molecular Systematics (D.M. Hillis and C. Moritz,

¢ds.). Sinauer, Sunderland, MA, USA.

Holsinger, J.R. 1988. Troglobites: The evolution of cave-dwelling organisms. Am.

Sci. 76:147-153.

Holstinger, J.R., and G. Longley. 1980. The subtcrranean amphipod crustaccan

fauna of an artesian well in Texas. Smithson. Contr. Zool.

Hucisenbeck, J.P. 1995. Performance of phylogenetic methods in simulation. Sysi.

Biol. 44:17-48.

Jacobs, J.F. 1987. A preliminary investigation of geographic genetic variation and
systematics of the two-lined salamander, Lurvceabislineata (Green). Herpetologica

43: 423-445.

Jones, R., and D.C. Culver. 1989. Evidence for selection on sensory structures in a

population of Gammarus minus (Amphipoda). Evolution 43:688-693.

Jones, R., D.C. Culver, and T.C. Kanc. 1992. Arc parallel morphologics of cave

organisms the result of similar sclection pressures? Evolution 46:353-365.



224
Kane, T.C., D.C. Culver, and R.T. Jones. 1992. Genetic structure of
morphologically differentiated populations of the amphipod Gammarus minus.

Evolution 46:272-278.

Kezer, J. 1952. Thyroxin-induced metamorphosis of the salamanders Eurycea

tynerensis and Eurycea neotenes. Copeia 1952:234-237.

Larson, A. 1984. Neontological inferences of evolutionary pattern and process in

the salamander family Plethodontidac. Evol. Biol. 17:119-217.

Larson, A., and P.T. Chippindale. 1993. Molecular approaches to the evolutionary

biology of plethodontid salamanders. Herpetologica 49:204-215.

Larson, A., D.B. Wake, L.R. Maxson, and R. Highton. 1981. A molecular
phylogenctic perspective on the origins of morphological noveltics in the salamanders

of the tribe Picthodontini (Amphibia, Plethodontidac). Evolution 35:405-422.

Levene, H. 1949. On a matching probiem arising in genctics. Ann. Math. Stat.

20:91-94.

Licht, L.E., and L.A. Lowcock. 1991. Genome sizc and metabolic rate in

salamanders. Comp. Biochem. Physiol. 100B:83-92.



225
Lombard, R.E., and D.B. Wake. 1986. Tongue evolution in the lungless
salamanders, family Plethodontidae. IV. Phylogeny of plethodontid salamanders and

the cvolution of feeding dynamics. Syst. Zool. 35:532-551.

Longley, G. 1978. Status of Typhlomolge (= Eurycea) rathbuni, the Texas blind
salamander. Endangered Species Report 2. U.S. Fish and Wildlife Service,

Albuquerque, N.M.

Longley, G. 1986. The biota of the Edwards Aquifer and implications for
palcozoogeography, pp. 51-54 In Abbott, P.L., and C.M. Woodruff, Jr. (cds).
1986. The Balcones Escarpment: Geology, hydrology, ecology and social

development in central Texas. Geological Survey of America, San Dicgo CA.

Mayr, E. 1982. The Growth of Biological Thought. Harvard University Press,

Cambridge MA.

Merkle, D.A., S.I. Guttman, and M.A. Nickerson. 1977. Genetic uniformity
throughout the range of the hellbender, Cryprobranchus alleganiensis. Copeia 1977:

549-553.

Mitchell, R.W., and J.R. Reddell. 1965. Euryceatridentifera, a ncw specics of
troglobitic salamander from Texas and a reclassification of Typhlomolge rathbuni.

Texas J. Sci. 17:12-27.



226
Mitchell, R. W., and R. E. Smith. 1972. Some aspects of the osteology and
cvolution of the neotenic spring and cave salamanders (Eurycea, Plethodontidac) of

central Texas. Texas J. Sci. 23:343-362.

Miyamoto, M.M., and W.M. Fitch. 1995. Testing species phylogenics and

phylogenetic methods with congruence. Syst. Biol. 44:64-76.

Moritz, C., C.J. Schneider, and D.B. Wake. 1992. Evolutionary rclationships
within the Ensatina eschscholizii complex confirm the ring species interpretation.

Syst. Biol. 41:273-291.

Murphy, RW., J.W. Sites Jr., D.G. Buth, and C.H. Haufler. 1990. Proteins I:

Isozymec clectrophoresis, pp. 45-128. In Molecular Systematics (D.M. Hillis and C.

Moritz, eds.). Sinauer, Sunderland, MA, USA.

Nei, M. 1972. Genetic distance between populations. Am. Nat. 106:283-292.

Nei, M. 1978. Estimation of average heterozygosity and genctic distance from a

small number of individuals. Genetics 89:583-590.

Net, M., T. Maruyama, and R. Chakraborty. 1975. The bottlencck effect and genetic

variability in populations. Evolution 29:1-10.



227
Paterson, H.E.H. 1985. The recognition concept of species, pp. 21-29 In E.S. Vrba
(ed.), Species and speciation. Transvaal Museum Monogr. No. 4, Transvaal

Muscum, Pretoria.

Potter, F.E. 1963. Gross morphological variation in the genus Typhlomolge with a

description of a new species. Unpublished MA thesis, Univ. Texas, Austin.

Potter, F.E., and S.S. Sweet. 1981. Generic boundaries in Texas cave salamanders,
and a redescription of Typhilomolge robusta (Amphibia: Plethodontidae). Copeia

1981:64-75.

Pricc, A.H., P.T. Chippindale, and D.M. Hillis. 1995. A status rcport on the thrcats
facing populations of perennibranchiate hemidactyliine plethodontid salamanders of
the genus Eurycea north of the Colorado River in Texas. Final Section 6 report part

I11, Texas Parks and Wildlife Department, Austin, Texas.

Roberts, D.T., D.M. Schlescr, and T.L. Jordan. 1995. Notes on the captive
husbandry and reproduction of the Texas salamander (Furycea neotenes) at the Dallas

Aquarium. Herp. Rev. 26:23-25.

Rodrigo, A.G. 1992. A modification to Wheeler’s combinatorial weights

calculations. Cladistics 8:161-164.



228
Routman, E. 1993a. Mitochondrial DNA variation in Crypiobranchus alleganiensis,

a salamander with extremely low allczyme diversity. Copeia 1993:375-384.

Routman, E. 1993b. Population structure and genetic diversity of metamorphic and
pacdomorphic populations of the tiger salamander, Ambystoma tigrinum. J. Evol.

Biol. 6:329-357.

Russcll, W.H. 1976. Distribution of troglobitic salamanders in the San Marcos arca,

Hays Co., Texas. Report 7601. Texas Assoc. Biol. Invest. Trogl. Eurycea, Austin.

Russell, W.H. 1993. The Buttercup Creek Karst, Travis and Williamson Countics,
Texas: Geology, Biology, and Land Development. Report to the University

Spelcological Society, Univ. Texas at Austin, Austin, TX.

Schmidt, K.P. 1953. A check list of North American amphibians and reptiles. Sixth

cdition. Amer. Soc. Ichthyol. and Herpetol.

Shaffer, H.B. 1984a. Evolution in a pacdomornhic lincage. 1. An clectrophoretic

analysis of thc Mexican ambystomatid salamanders. Evolution 38:1194-1206.

Shaffer, H.B. 1984b. Evolution in a pacdomorphic lincage. II. Allometry and form

in the Mexican ambystomatid salamanders. Evolution 38:1207-1218.



229
Shaffer, H.B., and F. Breden. 1989. The relationship between allozyme variation
and lifc history: Non-transforming salamanders are less variable. Copeia 1989:1016-

1023.

Slade, Jr., R.S., M.E. Dorsey, and S.L. Stewart. 1986. Hydrology and water
quality of the Edwards Aquifer associated with Barton Springs in the Austin arca,
Texas. Water Resources Investigation Report 86-4036. U.S. Geological Survey,

Austin, Texas.

Smith, H.M., and F.E. Potter. 1946. A third ncotenic salamander of the genus

Furycea from Texas. Herpetologica 3:105-109.

Sncath, P.H.A., and R.R. Sokal. 1973. Numerical Taxonomy. San Francisco,

W.H. Freeman.

Sokal, R.R., and F.J. Rohlf. 1981. Biometry. San Francisco, W.H. Freceman.

Stejneger, L. 1896. Description of a new genus and species of blind, tailed

batrachian from subterrancan waters of Texas. Proc. U.S. Natl. Muscum 18; 619-

621.

Sweet, S. S. 1977a. Eurycea tridentifera. Cal. Amer. Amiphib. Rept. 199.1-199.2.



230
Sweet, S.S. 1977b. Natural metamorphosis in Eurycea neotenes, and the gencric

allocation of Texas Eurycea (Amphibia; Plethodontidae). Herpetologica 33:364-375.

Sweet, S.S. 1978a. The Evolutionary Development of the Texas Eurycea (Amphibia:

Plethodonuidac). Ph.D. Dissertation, Univ. California, Berkeley.

Sweet, S.S. 1978b. On the status of Euryceapterophila (Amphibia: Plethodontidac).
Herpetologica 34:101-108.

Sweet, S.S. 1982. A distributional analysis of cpigean populations of Eurvcea
neotenes in central Texas, with comments on the origin of troglobitic populations.

Herpetologica 38:430-444.

Sweet, S.S. 1984. Secondary contact and hybridization in the Texas cave

salamanders Furycea neotenes and E. tridentifera. Copeia 1984:428-441.

Sweet, S.S. 1986. Caudata, pp. 734-740 In Stygofauna Mundi (L. Botosancanu
cd.). Leiden, E.J. Brill/Dr. W. Backhuys.

Swofford, D.L. 1990. PAUP manual, version 3.0. Illinois Natural History Survey,

Champaign, IL, USA.

Swoiford, D.L., and S.H. Berlocher. 1987. Inferring evolutionary trees from gene

frequency data under the principle of maximum parsimony. Syst. Zool. 36:293-325,



231

Swofford, D.L., and G.J. Olscn. 1990. Phylogeny reconstruction, pp. 411-501. In
Molecular Systematics (D.M. Hillis and C. Moritz, eds.). Sinauer, Sunderland,

MA, USA.

Swofford, D.L., and R.B. Selander. 1981. BIOSYS-1: A Fortran program for the
comprchensive analysis of electrophoretic data in population genetics. J. Hered.

72:281-283.

Tihen, J.A., and D.B. Wake. 1981. Vertebrac of salamanders from the lower

Miocene of Montana. J. Herpetol. 15:35-40.

Tupa, D.D., and W.K. Davis. 1976. Population dynamics of the San Marcos

salamandcr, Furvceanana Bishop. Texas J. Sci. 27:179-195.

Veni, G. 1988. The Caves of Bexar County, second edition. Spelcol. Monogr.,

Texas Mcemorial Museum, Univ. Texas, Austin,

Veni, G. 1994. Geomorphology, Hydrology, Geochemistry, and Evolution of the
Karstic Lower Glen Rosc Aquifer, South-Central Texas. Unpublished PhD

disscrtation, Pennsylvania State University.



232
Veni, G. and Associates. 1987. Valdina Farms Sinkhole: Hyvdrogeologic & biologic
evaluation. Unpublished report, Edwards Underground Water District, San Antonio

TX.

Vent, G., and Associates. 1992. Geologic controls on cave development and the
distribution of cave fauna in the Austin, Texas rcgion. Unpublished report, U.S.

Fish and Wildlife Service, Austin, Texas.

Wake, D.B. 1966. Comparative ostcology and evolution of the lungless

salamandcrs, family Plethodontidac. Mem. Southern California Acad. Sci. 4:1-111.

Wake, D.B. 1991. Homoplasy: The result of natural selection, or evidence of design

Iimitations? Am. Nat. 138:543-567.

Wake, D.B., G. Roth, and M.H. Wake. 1983. On the problem of stasis in

organismal evolution. J. Theor. Biol. 101:211-224.

Whecler, W.C. 1990. Combinatorial weights and parsimony analysis: A statistical

parsimony procedure. Cladistics 6:269-275.

Wicns, J.J. 1995. Polymorphic characters in phylogenctic systematics. Syst. Biol.

(in press).



233
Wiens, J.J., and P.T. Chippindale. 1954. Comibining and weighting characters and

the prior agreement approach revisited. Syst. Biol. 43:564-566.

Wiley, E.O. 1978. The evolutionary species concept reconsidered. Syst. Zool.

27:17-26.

Woodruff, C.M. Jr., and P.L. Abbott. 1979. Drainage-basin evolution and aquifcr
development in a Karstic limestone terrane, south-central Texas USA. Earth Surf.

Proc. 4:319-334.

Woodruff, C.M. Jr., and P.L. Abbott. 1986. Stream piracy and ecvolution of the
Edwards Aquifcr along the Balcones Escarpment, central Texas, pp. 77-89 In
Abbott, P.L.. and C.M. Woodruff, Jr. (eds). 1986. The Balcones Escarpment:
Geology, hydrology, ccology and social development in central Texas. Geological

Survey of America, San Dicgo CA.

Wright, A.H., and A.A. Wright. 1938. Amphibians of Texas. Proc. Texas Acad.

Sci. 21.

Wright, S. 1978. Evolution and Genctics of Populations, Vol. 4. Variability Within

and Among Popuiations. Univ. of Chicago Press, Chicago, IL, USA.

Zhen, L., and R. T. Swank. 1993. A simple and high vicld method for recovering

DNA from agarose gels. BioTechniques 14:894-898.



VITA

Paul Thomas Chippindale was born in Vancouver, British Columbia, Canada on
15 August 1963. He moved to Ottawa, Ontario with his family in 1971. After
completing his high school education in 1980, he entered the BA program at Carleton
University. In January 1985 he transferred to The University of Guelph and
received an Honours Degree in Biological Sciences in the fall of 1986. He started his
Master of Science Degree work on population genetics of frogs in January 1987,
under the supervision of R.W. Murphy at The University of Toronto and the
Department of Ichthyology and Herpetology at the Royal Ontario Museum. He
received his MSc in March 1990, after entering the Graduate School of The
University of Texas at Austin in September 1989. He has published various articles
in scientific journals on topics that include systematics, evolutionary biology.
laboratory techniques, and herpetology. In October 1991, he married Cynthia
Dorothy Horkey. They currently live in Arlington, Texas, where he is a Faculty
Associate in the Department of Biology at The University of Texas at Arlington.

They share their home with two dogs, eight cats, and varying numbers of chickens.

Permanent address: 222 Varsity Circle

Arlington. Texas 76013

This dissertation was typed by the author.



