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SPECIES INTERPRETATION
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Abstract.—Sequences (644-681 bp) from the mitochondrial cytochrome b gene were obtained
for 24 individuals representing the geographic range and morphological diversity of the poly-
typic salamander ring species Ensatina eschscholtzii. These data were used to estimate the phy-
logeny of components of the ring to test the biogeographic scenario underlying current inter-
pretations of speciation in this complex. The analysis revealed high levels of nucleotide variation
among subspecies. Strong subdivision was evident within the subspecies platensis and oregonensis.
The phylogenetic hypothesis of minimum length that is best supported by the data contains
one monophyletic group that includes populations from the southern Sierra Nevada and moun-
tains of southern California (croceater, klauberi, and southern platensis) and another that includes
populations of the southern and central coastal regions (xanthoptica and eschscholtzii). Samples
of oregonensis were typically basal, but their precise branching order was unstable. Both oregonensis
and platensis were paraphyletic, with several disparate lineages in oregonensis and a strong north-
south dichotomy in platensis. The data were incompatible with a biogeographic model that
required all subspecies to be monophyletic but were compatible with slightly modified predic-
tions of a model assuming stepwise colonizations from north to south down the Sierra Nevada
and independently down the coastal ranges. These features provide strong support for the
biogeographic scenario central to the interpretation of Ensatina eschscholtzii as a ring species.
Division of this complex into separate species on the basis of the observed patterns of monophyly
for mitochondrial DNA (mtDNA) is unwarranted because further sampling could reveal addi-
tional instances of paraphyly across subspecies and, more generally, because mtDNA alone
should not be used to infer species boundaries. [DNA sequences; mitochondrial DNA; cytochrome
b; ring species; phylogenetics; geographic variation; speciation; Caudata.]

Salamanders of the Ensatina eschscholtzii Stebbins (1949) recognized seven sub-

complex provide a particularly clear ex- species distributed in the mountains en-
ample of a ring species (Stebbins, 1949). circling the central valley of California (Fig.
Ring species are circularly arranged poly- 1). Unblotched subspecies occur on the
typic taxa with gradual transitions be- coastal margins and replace each other from
tween adjacent components but abrupt southern {eschscholtzii), through central
changes where the terminal races come into (xanthoptica), to northern California (ore-
contact. They are supposed to exemplify gonensis and picta) into Oregon and Wash-
speciation through gradual divergence ington. Blotched subspecies are distributed
among large population units (Rensch, down the inland side of the valley on the
1929; Mayr, 1963) and, thus, the linkage mesic western slopes ©f the Sierra Nevada,
between microevolutionary processes and The subspecies platensis ranges widely
speciation. This view contrasts with recent through the Sierra but is replaced at the
models of speciation that emphasize ge- southern end by populations of croceater.
netic changes in small peripheral popula- The third blotched form, klauberi, is dis-
tions (Mayr, 1982; White, 1982; Carson and junct and occurs as isolated populations in
Templeton, 1984). It is also contrary to the the mountains of southern California. The
opinion that the process of speciation is blotched and unblotched forms are in con-
qualitatively distinct from intraspecific mi- tact in three places: across the top of the
croevolution (e.g., Goldschmidt, 1933; ring, in the central Sierran foothills where
Gould and Eldredge, 1977). a disjunct series of populations of xanthop-
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FIGURE 1. Map of western USA showing the dis-
tribution of localities from which Ensatina mtDNAs
were sequenced. The ranges of the subspecies are
defined on the basis of information in Stebbins (1949)
and extensive recent collections (Wake, unpubl. data).
Abbreviations, localities, and MVZ catalog numbers
are in the Appendix.

tica is in contact with platensis, and in the
mountains of southern California where
klauberi and eschscholtzii meet at four dis-
junct sites.

Stebbins (1949) proposed that the species
originally occurred in the Douglas fir and
redwood forests of southern Oregon and
northern California and that during peri-
ods of greater humidity, salamanders dis-
persed down the coastal and inland ranges
to meet again in southern California. With
increasing aridity, the populations became

less continuous, particularly in the south-
ern part of the range. The Sierran popu-
lations of xanthoptica were thought to be
recently derived from the coastal popula-
tions via a transvalley leak during the more
mesic periods of the Pleistocene.

Based on this model of historical bio-
geography, Stebbins proposed that the
southward colonizations were each accom-
panied by differentiation such that inter-
breeding was precluded when the two lin-
eages came into contact again in the
mountains of southern California. The key
observation (Stebbins, 1949:506) that sug-
gested the gradual accumulation of repro-
ductive isolation was that

progressive genetical divergence with progres-
sively increasing reproductive incompatibility is
observed from north to south between the coastal
and interior series of races—from free interbreed-
ing in northern California, through occasional hy-
bridization in the Sierra in central California, to
sympatry with reproductive isolation in southern
California.

Additional collecting and analyses (Steb-
bins, 1957; Brown and Stebbins, 1964;
Brown, 1974; Wake et al., 1986, 1989) have
supported the basic interpretation.

An analysis of allozyme variation (Wake
and Yanev, 1986) revealed strong differ-
entiation throughout the complex. Some
subspecies were remarkably diverse for al-
lozymes (e.g., platensis, oregonensis), where-
as others (e.g., xanthoptica, eschscholztii)
showed little differentiation. The presence
of fixed differences between local popu-
lations of the same subspecies was contrary
to the view (Dobzhansky, 1958) that the
continuity of the ring was the result of
ongoing gene flow. Given such strong geo-
graphic structuring, the initial allozyme
study did not sample sufficient popula-
tions to determine the discreteness of sub-
species or their relationships. Wake and
Yanev (1986:713), however, suggested that
the blotched and unblotched forms "might
represent separate adaptive responses to
provincial selection pressures rather than
discrete historical entities or incipient spe-
cies."

In this paper, we used sequences from
mitochondrial DNA (mtDNA) to estimate
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1992 RELATIONSHIPS WITHIN A RING SPECIES 275

phylogenetic relationships among com-
ponents of the ring and to evaluate the
historical biogeographic scenario basic to
Stebbins's (1949) evolutionary model. Spe-
cifically, we evaluated the phylogenetic
predictions from two alternative scenarios:
(1) Stebbins's model, which suggests in-
dependent stepwise colonizations down
the coastal and inland ranges from north-
ern Californian populations, with a recent
transvalley leak of xanthoptica, and (2) a
model based on the premise that the cur-
rent distribution of subspecies is the result
of secondary contacts between subspecies
that had diverged considerably in geo-
graphic isolation (cf. Stebbins, 1949:503).

We compared mtDNAs to infer popu-
lation history. The mtDNA "gene tree"
should reasonably reflect population his-
tory where local populations are recipro-
cally monophyletic for their mtDNAs and
diversity within populations is much less
than that among populations (Avise, 1989).
These conditions should be met where lo-
cal populations have been small and have
had restricted gene flow over long periods
(ca. 4A^ generations; Neigel and Avise,
1986; Birky et al., 1989). These conditions
are likely to be met by Ensatina eschscholtzii
subspecies, given their extreme subdivi-
sion for allozyme alleles (Wake and Yanev,
1986) and presumed low vagility. Prompt-
ed by controversy over the taxonomy of
Ensatina (Frost and Hillis, 1990), we point
out the limitations of mtDNA for defining
species boundaries.

MATERIALS AND METHODS

Sampling Design

The analysis covers multiple, geograph-
ically separated representatives of each
named subspecies, concentrating on mor-
phologically "pure" populations as de-
fined by Stebbins (1949) or our own ob-
servations. Sampling and analysis was done
in three phases (see Baverstock and Moritz,
1990). The first was a pilot study, based on
378 bp of mitochondrial cytochrome b se-
quence from 15 samples of Ensatina and
two outgroup samples, to determine the
suitability of the gene. Aneides lugubris and

Plethodon elongatus were selected as out-
groups on the basis of other studies (Wake,
1963; Larson et al., 1981) that suggested
these species as members of the sister clade
of Ensatina, itself a monotypic genus. The
pilot study revealed appropriate levels of
variation (up to 12% observed sequence di-
vergence within Ensatina), although phy-
logenetic analysis failed to resolve the
branching order at the base of the tree.

In the second phase, we added nine more
samples of Ensatina to replicate represen-
tation of some subspecies and to attempt
to split long branches, a potential cause of
instability or error in parsimony analysis
(Felsenstein, 1978; Swofford and Olsen,
1990). We also extended the sequences by
303 bp in an attempt to increase resolution
at the base of the phylogeny. The final data
set included 24 individuals from 22 local-
ities (Fig. 1) and one each from the out-
groups, Aneides and Plethodon. In the third
phase of sampling, we screened multiple
samples from three populations for diag-
nostic restriction fragment length poly-
morphisms to assess the distribution of
identified mtDNA lineages within and
among localities.

DNA Preparation, Amplification, and
Sequencing

DNA was prepared by phenol-chloro-
form extraction (Maniatis et al., 1982) or
by boiling minute amounts (<5 mg) of fro-
zen tissue in a 5% (w/v) solution of Chelex
(BioRad). Both approaches yielded DNA
suitable for amplification by the polymer-
ase chain reaction (PCR).

PCR amplifications were done using
primers (Fig. 2) that spanned approxi-
mately two-thirds of the cytochrome b gene
and yielded a sequence homologous to co-
dons 7-234 in the published sequence of
Xenopus (Roe et al., 1985). Primers cyt-b2
(Kocher et al., 1989) and MVZ 16 (C. Or-
rego and D. Irwin, pers. comm.) amplify
mtDNA from a wide variety of vertebrates.
Primers MVZ 15,18, and 25 were designed
to match sequences from Ensatina and, for
18 and 25, also from Xenopus.

For double-strand • reactions, template
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MVZ15 G A A C T A A T G G C C C A C A C J T T A C G N A A

MVZ 25 TAAAGAAACTTGAAA J AT J GG T GT

cyt-b2 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA 405

MVZ18 GTCTTTGTATGAGAAGTATG 667

MVZ16 AAATAGGAAgTATCAjTCTGGTTT^AT 804

16268
16601
16654
16916
17053

FIGURE 2. Location (a) and definition (b) of oligonucleotide primers used for amplification and direct
sequencing of cytochrome b. The scale represents the distance from the start of the gene in base pairs. The
location of the 3' end of the primers is defined relative to the 3' end of the gene and to the published sequence
of Xenopus mtDNA (Roe et al., 1985). Arrows indicate the region sequenced from each primer. Primers 15
and 25 generated light strand (antisense) sequence.

and primers were annealed at 45-50°C, us-
ing 0.5 pmol of each primer, 0.75 mM
dNTPs, and 1.5 mM MgCl2 in a pH 8.4
buffer with 50 mM KC1 and 10 mM Tris-
HC1 (final concentrations). Reactions were
typically run for 35 cycles in a total volume
of 12.5 or 25 jul, using 0.3 or 0.6 units of
Taq polymerase (Cetus), respectively. Ali-
quots of 5 n\ were run on 2-4% low-melt-
ing-point agarose gels from which a small
plug was taken and diluted 1:100 in 10 mM
Tris-0.1 mM EDTA to provide template for
single-strand reactions.

Single-strand template was prepared by
asymmetric PCR (Gyllensten and Erlich,
1988) with 1:50 primer ratios and the same
reaction profiles as above in 50-^1 reac-
tions with 1.2 units of Taq polymerase. The
yield and purity of single-strand products
were assessed by electrophoresis of 5-̂ 1 ali-
quots through 4% agarose (1 x TAE) gels.
For successful reactions, the remaining 45
/A was purified and concentrated to ca. 20
jiil on disposable centrifugal filters (Milli-

pore MC30). Dideoxy chain termination
sequencing (Sanger et al., 1977) was done
with the U.S. Biochemicals Sequenase ver-
sion 2.0 kit and 35S-labeled dATP. All dou-
ble- and single-strand PCR reactions in-
cluded negative controls to guard against
contamination of reagents with DNA. No
such contamination was detected.

Data Analysis

Sequences were read from both strands
with >90% overlap and aligned by eye to
each other and, using amino acid transla-
tions, to the same region of Xenopus mt-
DNA. The distribution and amount of vari-
ation among the sequences were analyzed
with the MOSY program written in C for
DOS PCs by Chris Meacham (Univ. Cali-
fornia, Berkeley). Measures of actual di-
vergence (cf. observed difference) were es-
timated using the correction of Brown et
al. (1982).

For phylogenetic analysis, the general
strategy was to minimize the noise gen-
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K I H P L L K I I N N S F I D L P T P S N L S Y L W N
xan SR AAAATTCACCCACTACTAAAAATCATTAATAATTCCTTCATTGACTTACCTACTCCATCAAACTTATCCTACCTATGAAA

xan Or
oreg WA
oreg In
oreg OR
oreg Br
oreg Me
oreg He
plat Bl
plat Ar
plat Ha
plat Ma
croc Te
croc Ve
klau Cr
klau CW1
klau CW2
klau SJS
esch SBa
esch SBe
esch CW
pi eta
Plethodon
Aneides
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F G S L L G I C L I S Q I M T G L F L A M H Y T A D
xan SR CTTTGGGTCACTACTAGGAATCTGTTTAATTTCACAAATTATAACTGGCCTCTTTCTAGCAATACATTATACAGCAGACA
xan Av
xan Or C.T.TC C
oreg WA A G C.T T T.
oreg In A..GT G C.T..C T...T
oreg OR A G.T G C.T T
oreg Br A T C C.T..C T...T
oreg Me A T G C CT..C T...T
oreg He A G G C.T..C T C
plat Bl A...T C.T T C
plat Ar A..CT C.T..C T C
plat Ha A T C A C.G..C T...T T.
plat Ma A T A C.G T...T T.
croc Te A T G C.G..C A...T
croc Ve A GT G C.G..C A...T
klau Cr T A C.T T...T
klau CU1 T A..T...T C.T T..T...T C
klau CW2 T A T C.T T..T...T C
klau SJS T A C.T T...T C
esch SBa CC.C
esch SBe A CC.C
esch CW A CC.C
pi eta A C . G C.T T...T
Plethodon ...CA...T..T T CC AAT C..T..A G C T.
Aneides T G AT..C T T..A..T..A G C.C T

FIGURE 3. Sequences from codon 7 to codon 234 of cytochrome b from 23 individuals of Ensatina and
representatives of the outgroups (Aneides lugubris and Plethodon elongatus). A complete nucleotide sequence
and its amino acid translation is given for a xanthoptica from Santa Rosa. Other sequences with nucleotides
identical to the xan SR sequence are represented by periods (.). Some sequences could not be reliably read
close to the primers; ambiguities are represented by question marks (?). The sequence found in both individuals
of picta is represented once. Abbreviations are defined in the Appendix.
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T T S A F S S V V H I C R D V N Y G W I M A N I H A N
xan SR CCACTTCCGCATTCTCATCAGTTGTACATATCTGCCGCGATGTAAATTACGGATGAATTATACGAAATATTCACGCCAAC
xan Av C
xan Or
oreg WA C..T T G G . . . G . . T T
oreg In T T A T C G T
oreg OR C..T T G . . . G . . T T
oreg Br T A C T T . .C T T
oreg Me T T A T . . C . . . G . . T T
oreg He C..T A T T . . G . . . G T
p la t Bl C A T C T G T
p l a t Ar . . T . C . . T A T C..G T G T
p la t Ha C A T T T
p la t Ma C A T T T
croc Te C A T G T
croc Ve C A T G T T
klau Cr C A.C.C T C C . . T . . C T
klau CW1 C A . . . C T C C . . T . . C T
klau CW2 C A . . . C T C C . . T . . C T
klau SJS C A.C.C T C C . . T . . C T
esch SBa T . . G
esch SBe . C A
esch CW C A
pi eta C T A T . .T C..T G T T
Plethodon T C ?. .C C..T T.A C
Aneides .T.T T CA A. .C T . . T . . . T . A G T . . T . . T

G A S F F F I C I Y M H I G R G I Y Y G S Y M F K K T
xan SR GGAGCCTCATTTTTCTTTATCTGCATCTACATACATATTGGACGTGGTATTTATTACGGATCCTATATATTTAAAAAAAC
xan Av G T C G
xan Or G G
oreg WA T T . . T . . T T A A T G
oreg In C . . T . . T . . T . . T C A G G
oreg OR T T . . T . . T T A A T G
oreg Br A T . .T C G. .A. .C T . .C G
oreg Me A C A C T T . .C G
oreg He T T T..TT C A A T A G G
p l a t Bl T A A T T . .C G
p l a t Ar T . .T A A T T . .C G
p l a t Ha T T C A . . A . . A T TC..G G
pla t Ma C T T C A . . A . . A T T G
croc Te T A A T G.G. .
croc Ve T A A T G.G. .
klau Cr C..T T . . T . . T . . T A A T. .G G.G. .
k lau CW1 C..T T . . T . . T . . T C A A T G
klau CW2 C . . T . . . . . T . . T . . T . . T C A A T G
klau SJS C..T T . . T . . T . . T A A T G.G. .
esch SBa T . .T A T C G
esch SBe T. .T C A T C C . . .G
esch CW T. .T A T C C . . .G
pi eta TT A . . C . . A T T C . . .G
Plethodon T C..T T . . T . . T C . T A. .AGCA. .C . .T A..A G
Aneides . . T C..T T . .T C A..CT.A T A A.. .GG

FIGURE 3. Continued.

erated by homoplasy through a priori
identification of classes of variation ex-
pected to be saturated (F. Villablanca, W.
K. Thomas, and A. C. Wilson, submitted)
and the use of appropriate weighting mea-
sures and constraints. Phylogenies were

estimated using PAUP (version 3.01; Swof-
ford, 1991). Unless otherwise noted, all
analyses used a 10:1 step matrix to weight
transversions over transitions. Bootstrap
analyses with the step matrix applied were
done using PAUP 3.0s.
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1992 RELATIONSHIPS WITHIN A RING SPECIES 279

W N I G V L L L F L V M A T A F V G Y V L P W G Q M
xan SR ATGAAACATCGGAGTACTATTACTGTTTCTTGTTATAGCAACAGCATTTGTAGGTTACGTTCTTCCATGAGGACAAATAT
xan Av
xan Or
oreg WA T T . .T A T . A . . . T A T
oreg In T T . .T A . G . . . T . A A C C..T C
oreg OR T T . .T A T . A . . . T A T . .C
oreg Br C T . .T TT A C..T
oreg Me C T . .T TT T.A C..T
oreg He T T A T . A . . . T G T. .C
Pla t Bl T T . .T TA C C T . .C
p l a t Ar T T . .T TA C A T . .C
p l a t Ha T T A . T . . . T . A A C T . .C
p la t Ma T T A . T . . . T . A . . C A C T . . C . . C
croc Te T T . .T A . T . . . T . A A T T . . C . . C
croc Ve T T . .T A . T . . . T . A A C . . T . . C . . C . . G
klau Cr T T . .T A..C.CT.A A..G G C C..C
klau CW1 T T . .T A. .C.TT.A A..G C T . . C . . C
klau CW2 T T . .T A..C.CT.A A..G C T . . C . . C
klau SJS T T . . T . ? A..C.CT.A A..G G C T . . C . . C
esch SBa C G T.A C T . . C . . C
esch SBe T ? G ?A C T . . C . . C
esch CW T ?? G A C T . . C . . C
Pi e ta T T . .T A T.A A C . . T . . C
Plethodon C T TA.TC.CT.A.. .T.A T . . A . . T C
Aneides C A . T . . . T . A . .C. .A A . . T . . C . . C . . T

S F U G A T V I T N L L S A I P Y M G D M L V Q U I U
xan SR CATTCTGAGGAGCTACAGTCATCACAAACCTCTTATCAGCAATCCCTTATATAGGAGATATATTAGTTCAATGAATTTGA
xan Av C
xan Or
oreg WA C..C T G A C.C G
oreg In T A. .C C
oreg OR C . C T G A C.C G
oreg Br .C T . .T T A C C.C
oreg Me .C T T A. .C C
oreg He T C . C T G T. .A TCC G
pla t Bl T C A A C G
p l a t Ar C A T G C.C G
p l a t Ha T G A.. .GC C.C
p l a t Ma T G A..CGC C
croc Te T A..CGC C.C
croc Ve T A..CGC C.C
klau Cr T T C C.C
klau CW1 T T C C.C
k l a u CW2 T T C C.C
klau SJS T T C C.C
esch SBa T C.C C
esch SBe T C.C C
esch CW T T C.C C
pi eta T . .T T C C . . .
Plethodon T . . G . . T . . C . . T . . A . . T . . C TCC T. .A C A C . C .
Aneides . T . . T T . . C . . C T . . C . . T . . T C . T T . . A . . C G C A

FIGURE 3. Continued.

RESULTS

Sequence Variation

Sequences 644-681 bases in length were
obtained from 24 individuals of Ensatina
and one individual each of Plethodon elon-
gatus and Aneides lugubris (Fig. 3). The mi-

nor differences in length are due to vari-
able sequence readability close to the
primers. No substitutions causing frame-
shift or nonsense mutations were present.
The mean base content of the light strand
across all taxa (0.13 G, 0.31 A, 0.35 T, 0.20
C) is biased toward A and T, with a marked
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G G F S V D K A T L T R F F T F H F I L P F I V V G I
xan SR GGAGGCTTTTCAGTCGACAAAGCAACCTTAACCCGATTTTTTACCTTCCACTTCATTCTACCATTTATTGTAGTAGGAAT
xan Av . . G . . T
xan Or
oreg UA A. .T C.T G . T . . T . . T . . T A . G . . . G .
oreg In T . . A . . T C G . T . . T . . T . . T G
oreg OR A. .T C.T G . T . . T . . T . . T . . C A.G. .TG.
oreg Br G A. .T C.T T . .T T T.C
oreg Me A A. .T C.T G.T. .T T C
oreg He A. .T C.T. .T G . T . . T . . T . . T . . C G.
p la t Bl . .G A. .T C.T G . T . . T . . T . . T . . . T A.T.C
p l a t Ar . .G A . .T C.T G.T . .T . . T . . T . . . T A.CAC G.
p l a t Ha A A. .T C G . T . . T . . T . . T
p l a t Ma A A. .T C G.T. . T . . T . . T . . .T
croc Te A . .T C G . T . . T . . T G
croc Ve A . .T C G . T . . T . . T ?
klau Cr A. .T C G . T . . T . . T . . T . . C
klau CW1 A. .T C G . T . . T . . T . . T . . C C
klau CW2 A. .T C G . T . . T . . T . . T . . C C
klau SJS A . .T C G . T . . T . . T . . T . . C C
esch SBa T . .T G T T . . . T G G.
esch SBe T . .T G T T . . . T
esch CW T . .T G . . . . T T . . . T
pi eta . .G A. .T C.C CG.T. . T . . T . . T . . .T C
Plethodon . .TT.A A C.T. .T G T T. .G A.CTCG...GC
Aneides . . T . . T TA.T. . T . . G . . C . . .C.C G T . .T . .CT C A.TA TG.

S M I H L L F L H E T G S N N P T G L Y S D M D K I
xan SR TAGTATAATTCACCTATTATTCCTACATGAGACTGGGTCA7ATAACCCAACAGGACTTTATTCTGACATAGATAAAATTT
xan Av C . . . A
xan Or C . . . A T
oreg WA . . . C . T T T . .G A . . C . . C . . C A T A.T.C
oreg I n . . . C . T T G A . . C . C . . . A T C A.T.C
oreg OR . . . C . T T T. .G A . . C . . C C A . . . . T A.T.C
oreg Br . . .C .C .C .T T..C A C.A....T A C
oreg Me . . . C . C C . T T A C..A T T A C
oreg He . . . C . T TT G A . . C . C . A . . . . T A
plat Bl . . . C . T T A..C.C...A T.A A.T C
plat Ar . . . C . T T G A . . C C C A T.A A.T
plat Ha . . . C . T T..G A . . C . C . A . C . T A
plat Ma . . . C . T A . . C . C . A . C . T A
croc Te . . . C . T G A..C.C.. .A.C.T C A
croc Ve . . . C . T G A. . C . C .A.?..T C A
klau Cr . . . C . T C G A . . C C C A T A A.T C
klau CU1 . . . C . T G A . . C C C A T A...T A.T C
klau CU2 . . . C . T G A . . C C C A T A...T A.T C
klau SJS . . . C . T C G A . . C C C A T A A.T C
esch SBa . . . C . C G A C.. .A C
esch SBe . . . C . T T G A C...A A
esch CU . . . C . T G A C.A A
pi eta T T..C A..C.C.CA C.A.T..G
Plethodon CC..C. .C TC T .A..C.C.TA CT.AACC . .A. .TC C
Aneides . . .C . .TG.A C T..CA..A..C.A T....T.AA CAG.CCT C

FIGURE 3. Continued.

deficit of G's. This bias in nucleotide com-
position is typical of vertebrate mtDNA
genes (Brown, 1985).

The magnitude of variation is high. In-
cluding both Ensatina and the outgroups,
250 (37%) of 681 nucleotides and 51 of 227
(22%) amino acids vary (Fig. 3). Observed

sequence differences are between 0.3 and
19.2%. Corrected for multiple hits (Brown
et al., 1982), the values range from 0.8 to
39.7% (Table 1). Within Ensatina, observed
sequence difference ranges from 0.3 to
12.1%, and corrected values are between
0.8 and 16.2%.
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S F H P Y F S Y K D L F G F
xan SR CATTCCACCCATACTTCTCATACAAAGACTTATTTGGATTT
xan Av
xan Or ? A
oreg UA T
oreg In T T
oreg OR T G . . .
oreg Br T C
oreg Me T C
oreg He "...? T
p la t Bl T
p l a t Ar T
p l a t Ha T TT
p l a t Ma T TT G
croc Te .G T TT
croc Ve T TT
klau Cr T
klau CW1 T
klau CW2 T
klau SJS T
esch SBa
esch SBe
esch CW
pi eta T T A
Plethodon T T. .T C . . C . G . . C . . .
Aneides T? TCT ?????????????

FIGURE 3. Continued.

Estimates of corrected DN A sequence dif-
ference are relatively low within five sub-
species: picta (0.0%, n = 2), xanthoptica (1.6-
2.5%, n = 3), eschscholtzii (1.0-2.7%, n = 3),
klauberi (0.6-2.4%, n = 4), and croceater (1.2%,
n = 2). The other two subspecies are strong-
ly differentiated; sequence differences
within oregonensis range from 1.3 to 14.5%
{n = 5) and those within platensis are 2.4-
14.0% (n = 4). The variation in sequence
differences within subspecies does not ap-
pear to be due to different scales of sam-
pling. Some widely separated samples
within oregonensis and within eschscholtzii
have similar sequences, whereas some geo-
graphically close samples within oregonen-
sis and within platensis have very different
sequences (cf. Table 1 and Fig. 1).

Phylogenetic Analysis: Character Evaluation

For phylogenetic analysis, each nucleo-
tide was treated as a character with up to
four unordered states. Phylogenetically in-
formative variation is present at 184 of the
250 variable positions (Fig. 3). For the 250
variable positions, 52 changes (21%) are in
the first codon position, 25 (10%) in the
second, and 173 (69%) in the third. Tran-

sitions, especially between C and T, out-
weigh transversions; biases > 10:1 are com-
mon among the more similar genomes.

To test for saturation of base substitu-
tions (i.e., multiple hits), transitions and
transversions at each codon position were
plotted against maximum-likelihood esti-
mates of relative divergence (Fig. 4; F. Vil-
lablanca, W. K. Thomas, and A. C. Wilson,
submitted). These divergence estimates are
analogous but not equivalent to sequence
divergence and take into account devia-
tions from even base composition, differ-
ences in substitution rate among codon po-
sitions, and any bias toward transitions
(Felsenstein, 1990). Values for these pa-
rameters derived from the data are 2:1:7
changes at the lst:2nd:3rd codon positions
and a 10:1 transition/tranversion ratio
among similar sequences. Nonlinearity in
the plots indicates increasing saturation of
substitutions for that class of characters.

The plots (Fig. 4) indicate that increases
in first and third codon position transitions
are nonlinear in comparison to relative di-
vergence estimates. This nonlinearity, in-
dicative of saturation effects, is particularly
obvious for comparisons between Ensatina
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282 SYSTEMATIC BIOLOGY VOL. 41

TABLE 1. Corrected (Brown et al., 1982) estimates of sequence divergence among samples of Ensatina and
the outgroups. The two samples of picta are identical over the 681 bp analyzed and are represented once here.
Localities are shown in Figure 1 and defined in the Appendix.

1. xan SR
2. xan Av
3. xan Or
4. oreg OR
5. oreg In
6. oreg WA
7. oreg Br
8. oreg Me
9. oreg He

10. plat Bl
11. plat AT
12. plat Ha
13. plat Ma
14. croc Te
15. croc Ve
16. klau Cr
17. klau CW1
18. Jt/flw CW2
19. klau SJS
20. escb SBa
21. esch SBe
22. esch CW
23. picfo
24. Plethodon
25. Aneides

1

1.8
2.6

13.9
12.9
14.7
16.2
14.3
14.3
12.9
15.6
14.5
14.0
13.2
12.8
13.7
15.1
14.8
13.6
7.3
6.9
6.5

12.8
39.7
36.9

xanthoptica

2

1.6
13.0
12.2
13.8
15.2
12.8
13.6
11.6
14.2
13.5
12.8
12.4
12.0
13.2
14.4
14.1
13.2
6.5
6.2
5.8

11.5
37.8
34.9

3

—

12.0
11.1
12.9
14.4
12.6
12.4
10.7
13.3
12.8
12.4
12.0
11.6
12.3
13.2
12.8
12.3
5.7
5.6
5.3

11.4
38.0
35.3

4

—

8.5
1.3

13.5
11.0
5.5
8.9
8.4

11.5
11.5
10.6
10.1
9.7

10.7
10.3
10.0
10.8
10.5
9.9
7.7

33.4
34.0

5

—

9.4
14.3
11.9
10.4
10.4
10.9
11.0
10.3
9.2
8.5

10.3
11.2
10.7
10.4
10.2
9.2
8.9
9.0

38.5
34.7

oregonensis

6

—

14.5
11.8
5.9
9.7
9.2

12.4
12.5
11.1
10.6
9.9

11.0
10.5
10.3
11.4
11.1
10.5
8.3

34.4
32.9

7

—

3.6
14.4
12.1
14.8
16.0
15.6
16.2
14.7
15.7
16.5
15.9
15.5
13.7
14.2
13.2
15.0
39.2
35.4

8

—
11.5
10.5
13.2
13.7
13.2
14.0
13.1
13.9
14.6
13.9
13.8
12.0
12.5
11.7
12.5
37.4
34.9

9

—

8.8
11.1
12.6
12.5
11.8
11.1
11.8
12.6
11.9
11.8
10.9
10.3
9.6

10.1
34.2
31.5

10

3.8
12.6
12.2
11.6
10.9
10.7
11.6
11.1
10.8
10.4
8.8
8.4
9.2

32.7
33.7

platensis

11

—

14.0
14.0
12.8
12.1
11.2
10.8
11.5
11.1
12.0
10.8
10.7
9.4

34.4
37.1

12

—

2.4
7.1
7.7

11.1
12.1
11.6
11.5
11.4
10.9
10.3
12.4
34.3
40.1

13

6.8
7.3

10.7
11.6
10.9
11.0
10.9
10.5
10.2
11.6
35.2
38.9

and the outgroups. The high level of first-
base transitions appears to be due to the
large proportion (11.2%) of leucines in the
sequence. For this base, C <-> T transitions
at the first position are silent. The other
classes of characters (first-base transver-
sions, second-base transitions and trans-
versions, and third-base tranversions) ap-
pear to increase linearly with the
maximum-likelihood distance estimate.

Phylogenetic Analysis: Estimation of
Relationships

Because of the evidence for saturation of
first and third codon position transitions
among the more divergent sequences, we
estimated the most-parsimonious tree in
two steps. First, the obviously saturated
classes of information were excluded to es-
timate the root and the branching pattern
at the base of the tree. To do this, we used
a 0:1 step matrix to discount transitions at
the first and third codon positions (Swof-

ford and Olsen, 1990). Second, the shortest
topology obtained was used to constrain
the basal branching order in an analysis
using all classes of characters, but with a
10:1 step matrix to weight transversions
(the more "conservative" substitutions)
over transitions. This two-step approach
minimizes noise at the base of the tree due
to character homoplasy while using all of
the information to resolve relationships
among more similar sequences (Swofford
and Olsen, 1990).

The analysis excluding first- and third-
base transitions produced a single shortest
tree of 163 steps (Fig. 5b). Sequences from
the northern populations of platensis are
basal, followed by southwestern oregonen-
sis (Branscomb/Navarro), then northern
oregonensis and picta, and then a group con-
sisting of one oregonensis (Ingot) and the
other subspecies. The number of unambig-
uous changes defining the basal branches
is small, particularly for those involving
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croceater

14 15 16

klauberi

17 18

TABLE 1.

19

Extended.

eschsclwltzii

20 21 22

picta

23

Plethodon

24

Aneides

25

1.2
9.7

10.7
10.2
10.1
10.7
10.0
9.3

11.3
36.3
34.8

—
10.2
11.4
10.7
10.5
10.0
9.5
8.9

10.3
37.5
34.3

—
2.4
1.9
0.6

10.9
10.6
9.5

10.0
35.4
36.5

—
0.8
2.2

11.8
11.4
10.3
10.9
35.5
38.1

—
1.5

11.3
11.0
9.9

10.5
34.9
37.4

—
11.1
10.6
9.5

10.2
34.8
36.7

—
2.7
2.4

10.7
35.8
34.4

—
1.0
9.6

38.0
34.7

—
9.0

36.9
33.6

_
36.1
35.2 32.0

oregonensis (Fig. 5b). Exchanging positions
among basal taxa (oregonensis and northern
platensis) results in trees one to three steps
longer.

In the second step of the analysis, which
uses all classes of characters, the first three
branches of the ingroup were constrained
as described above. The single shortest tree
(Fig. 5a) had 1,839 steps, counting each
transversion as 10 steps. The only substan-
tial difference between this and the "basal"
tree (Fig. 5b) is in the location of oregonensis
from Ingot. Relationships within clades are
more clearly resolved, with evidence for
monophyly of eschscholtzii, clearer resolu-
tion within klauberi, and the exclusion of
picta from the clade consisting of north-
coastal oregonensis. The same topology is
obtained using the same constraint with-
out differential weighting of transversions
and transitions.

Using no constraints results in two
shortest trees of 1,839 steps. One is the same

as the single shortest tree above (Fig. 5a).
The alternative topology (Fig. 5c) defines
the same major clades, except that com-
ponents of oregonensis (and picta) are dif-
ferently located. We regard the topology
in Figure 5a as a better estimate of phy-
logeny because the branching order of bas-
al mtDNAs is not compromised by classes
of information that can have high homo-
plasy (saturation) among such highly di-
vergent sequences.

Aside from instability in the branching
order of the oregonensis groups, most clades
are strongly supported by a large number
of unambiguous character states, have high
repeatability in bootstrap replications, and
are consistent among analyses (Fig. 5).

The major features of the "best-estimate"
tree (Fig. 5a) are (1) monophyly of mtDNAs
from each of the subspecies xanthoptica,
eschscholtzii, klauberi, croceater, and picta, (2)
identification of a monophyletic southern
coastal clade (xanthoptica and eschscholtzii)
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60 1
(a)

60
(b) o 1st position

A 2nd position
• 3rd position

0.00 0.05 0.10

Maximum-likelihood DNA distance
0.00 0.05 0.10

Maximum-likelihood DNA distance

FIGURE 4. Plots of the numbers of transitions (a) and transversions (b) at the first, second, and third codon
positions against maximum-likelihood indices of corrected DNA divergence (ML option in DNADIST, PHY-
LIP). Linear regressions are shown for all but first- and third-base transitions. For these, second-order poly-
nomial regressions are shown. Partial F statistics for second-order polynomials (with degrees of freedom
corrected for nonindependence) are F20 = 4.12, 0.1 > P > 0.05, for first-position transitions and F20 = 26.914,
P < 0.001, for third-position transitions. All other P values are >0.1, indicating that a linear model is more
appropriate for transitions at the second codon position and transversions at all positions. The separate clouds
of points for large divergences are the comparisons between Ensatina and the outgroups.

and a southern Sierran clade (klauberi, cro-
ceater, and southern platensis), and (3) para-
phyly of mtDNAs from both platensis and
oregonensis (see Fig. 6).

Phylogenetic Analysis:
Tests of A Priori Models

An alternative way to use the data is to
test whether they are consistent with a
priori predictions based on competing evo-
lutionary hypotheses. If the ring is actually
a montage of secondary contacts among
strongly differentiated subspecies, then
each of the subspecies should, barring in-
trogression and assuming isolation longer
than ANf generations, be monophyletic for
mtDNA. To test this prediction, we
searched for the shortest trees satisfying
the constraint that the mtDNAs from each
subspecies are monophyletic. The relation-
ships among subspecies are free to vary.
The single shortest tree produced under
this constraint (Fig. 7a) has 1,918 steps,
which is 79 steps longer than the best-es-

timate phylogeny (Fig. 5a). The best-esti-
mate phylogeny requires fewer steps for
33 characters, whereas the monophyly
model is more parsimonious for 10 char-
acters. Using a winning sites test (Prager
and Wilson, 1988), we can reject the mono-
phyly model (x2 = 12.3, P < 0.001).

To test the scenario proposed by Steb-
bins (1949), a simple model based on in-
dependent and stepwise colonization of the
Sierra Nevada and the southern Coastal
ranges from appropriately located ances-
tral populations of oregonensis was con-
structed (Fig. 7b). This model assumes that
populations were established in a gradual
stepping-stone manner, with each propa-
gule bearing derived states from its source
population. This model requires 1,913 steps,
74 steps more than the minimum-length
trees. Whereas the shorter tree is more par-
simonious for 24 characters, the coloniza-
tion model provides a better explanation
for 14 characters. On this basis the model
cannot be rejected (x2 = 2.63, 0.10 > P >
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(a)

22

4
56

19
100

4
64

20
100

5
61

21
100

8
100

23

p-dz
3 1

91 1—-—

5 n -99 L_L_
9 1 4

100 L_2
10 1 9

100 1—£—

24
0_

0_

4_

14

9

5

55

53

xan Or

xan Av

xan SR

esch CW

esc/7 SBe

esc/> SBa

Wau CW2

Wau CW1

Wau SJS

Wau Cr

croc Ve

croc Te

p/af Ma

plat Ha

crep In

oreg WA

oreg OR

oreg He

picta WC

p/cfa LD

oreg Me

oreg Br

p/af Ar

plat Bl

Aneides

Plethodon

(b)

oreg WA

oreg OR

p/cfa WC

picta LD

oreg He

oreg Me

oreg Br

p/af Ar

plat Bl

Aneides

Plethodon

FIGURE 5. Minimum-length phylogenetic trees for mtDNAs from Ensatina. Abbreviations follow the Ap-
pendix, (a) "Best-estimate" tree based on all classes of characters, with the three most basal branches of the
ingroup constrained and a 10:1 step matrix weighting transversions over transitions. The number above each
branch is the number of unambiguous characters defining the branch. The number below is the proportion
of 100 bootstrap replicates (with 10:1 step matrix applied) in which the clade to the right was present. Dashed
lines indicate poorly resolved branches, (b) Shortest tree obtained using step matrices to exclude first- and
third-base transitions to resolve the branching pattern at the base of the tree. The number above each branch
is the number of unambiguous characters defining the branch, (c) Alternative equally parsimonious topology
obtained from an analysis of all classes of characters with a 10:1 step matrix but no constraint on the order
of basal branches.
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0.05), although the difference approaches
statistical significance.

A closer fit between the data and the
colonization model proposed by Stebbins
is achieved by allowing mtDNAs from
southern platensis and croceater to be mono-
phyletic, leaving the other details the same
(Fig. 7c). This model requires 1,879 steps,
40 steps more than the shortest tree, and
is reasonably consistent with the data (16
vs. 13 sites; x2 = 0.31, P > 0.10).

Phylogenetic Analysis: Evaluation of
Sampling Effects

Except for two individuals of klauberi
from Camp Wolahi, the above analyses are
based on one individual per locality. To
test whether a single individual is repre-
sentative or whether sampling of multiple
individuals is likely to reveal divergent
mtDNAs from the same locality, restriction
enzymes were used to screen multiple sam-
ples of amplified DNA (using primers 15-
18; Fig. 2) from three populations of ore-
gonensis from northern California, the geo-
graphic region with the highest mtDNA
diversity. Scanning the available sequenc-
es (Fig. 3) revealed that digestion with Hmfl
and Mspl can diagnose each of the major
mtDNA lineages identified in this region
(Table 2). Each of the six restriction sites
screened included one or more phyloge-
netically informative nucleotide positions.
These sites are uniform for each of the
within-population samples (In, Me, Salyer
[Trinity Co., CA]; Table 2), suggesting that
the bulk of the variation is distributed
among rather than within populations. This
hypothesis is consistent with similarity of
sequences from some geographically prox-
imal populations (cf. Table 1 and Fig. 1).
Thus, a sequence from a single individual
is apparently representative for a popula-
tion of these salamanders, at least for the
purposes of broad-scale biogeographic and
phylogenetic comparisons.

DISCUSSION

Biogeographic Implications

Stebbins (1949) proposed that Sierran and
south-coastal populations of Ensatina were

FIGURE 6. Simplified interpretation of the mtDNA
phylogeny illustrating the subspecies with mono-
phyletic mtDNAs (circled) and those with potentially
or demonstrably paraphyletic mtDNA (*). mtDNAs
from croceater and picta are enclosed by dashed lines
to indicate the samples were taken from small geo-
graphic areas.

separately derived from northern popu-
lations, perhaps from those in the redwood
and Douglas fir forests of northern Cali-
fornia and southwestern Oregon. This pre-
diction was largely based on the observa-
tions that these populations have the most
generalized color pattern and the highest
population densities. Stebbins regarded
picta as a close approximation of the an-
cestral state.

The evidence from mtDNA sequences
substantiates three critical components of
Stebbins's (1949) biogeographic model and,
therefore, of his evolutionary scenario for
Ensatina. The first component is that pop-
ulations from northern California were an-
cestral to the Sierran and south-coastal ra-
diations. Populations from the top of the
ring show the highest regional diversity
in mtDNAs; these sequences are consis-
tently basal in the phylogenetic analyses.
In the best-estimate phylogeny (Fig. 5a),
mtDNAs from oregonensis are paraphyletic
with respect to other Ensatina. The very
instability of the mtDNA relationships
among the three groups of oregonensis and
other Ensatina is to be expected if oregonen-
sis was ancestral, with extant lineages hav-
ing mainly primitive or uniquely derived
character states. These mtDNAs are each
separated from others by long branches that
are expected to complicate phylogenetic
analyses (Felsenstein, 1978; Swofford and
Olsen, 1990). Increasing the number of
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oreg In

oreg Br

oreg Me

oreg WA

oreg OR

oreg He

plat Ha

plat Ma

p/af Bl

p/af Ar

klau Cr

Wau SJS

klau CW1

Wat/ CW2

p/cfa WC

picta LD

xan SR

xan Av

xan Or

esc/) SBa

esc/7 CW

esc/7 SBe

croc Te

croc Ve

Plethodon

Aneides

(b) Wau Cr

Wau SJS

klau CW1

Wau CW2

croc Ve

croc Te

p/af Ma

plat Ha

p/af Ar

plat Bl

oreg! In

esc/) SBa

esc/) CW

esc/) SBe

xan SR

xan Av

xan Or

oreg Br

oreg Me

oreg WA

oreg OR

oreg He

r— picta WC

p/'efa LD

Plethodon

Aneides

(c)
Wau Cr

klau SJS

Wau CW1

klau CW2

croc Ve

croc Te

plat Ma

p/af Ha

plat Ar

p/af Bl

oreg In

esch SBa

esc/7 CW

esch SBe

xan SR

xan Av

xan Or

oreg Br

oreg Me

oreg WA

oreg OR

oreg He

p/cfa WC

p/cfa LD

Plethodon

Aneides

FIGURE 7. Shortest trees consistent with (a) all subspecies being monophyletic, (b) a simple model of
stepwise colonization down each side of the central valley of California, and (c) a modification of the colo-
nization model in which southern platensis populations (plat Ma, plat Ha) were the sister group to samples of
croceater. The phylogeny shown in (c) was the most consistent with the data. Abbreviations follow the
Appendix.
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TABLE 2. Distribution of restriction sites for Hind and Mspl within the 681-bp segment of cytochrome b
from northern Californian Ensatina. Localities are shown in Figure 1 and defined in the Appendix.

Sample Typea

Restriction siteb

Hmfl

98 457 473 614

Mspl

125 593

Among populations
picta A
oreg He B
oreg Br/Me C
oreg In D
plat Bl E
plat Ar F

Within populations

oreg In (« = 4) D
oreg Me (n = 12) C
oreg Salyer (n = 12) F

0
1
0
0
0
0

0
0
0

1—
1

0
0
0
0
0

0
0
0

0
0
0
1
0
0

1
0
0

0
1
1
1
0
1

1
1
1

0
1
0
1
1
1

0
1

a Scanning the sequences (Fig. 3) for Hinil and Mspl sites revealed that each of the major lineages could be diagnosed by
digestion with these two enzymes (types A-F). Digestion profiles of multiple individuals from each of three localities revealed
one type per locality.

b Restriction sites are numbered from the first base of the sequences (Fig. 3).

samples and the length of each sequence
failed to improve resolution at the base of
the tree. However, the mtDNA from picta,
thought to be ancestral by Stebbins (1949),
is unremarkable. It simply appears as one
among many basal and strongly differen-
tiated lineages in the area.

The second component supported by the
mtDNA evidence is that the blotched sal-
amanders of the inland ranges and the un-
blotched coastal forms represent indepen-
dent radiations. As expected, mtDNAs from
the coastal subspecies, xanthoptica and esch-
scholtzii, form a strongly supported mono-
phyletic group; croceater, klauberi, and
southern platensis also form a monophy-
letic group, but it is less well supported.
This observation precludes two alternative
biogeographic scenarios that are not com-
patible with the ring-species concept. One
is that xanthoptica could be derived from
the inland races, having spread from east
to west to make recent secondary contact
with coastal forms of Ensatina. The other is
that klauberi could be derived from south-
ern eschscholtzii.

However, the simplest biogeographic
scenario, which assumes stepwise coloni-
zation down each side of the valley (Fig.
7b), is not well supported (although a mi-
nor modification of it [Fig. 7c] is). This dis-

crepancy is largely due to the diversity of
mtDNA within platensis. Two very distinct
mtDNA lineages were found: one in north-
ern platensis and the other in the southern
samples. The former was consistently basal
in the phylogenetic analyses, whereas the
latter was highly derived and more closely
related to croceater than to the northern
clade.

One hypothesis to explain the dichoto-
my of mtDNA within platensis is that the
northern and southern groups stem from
two divergent lineages of mtDNA inde-
pendently derived from southern oregon-
ensis. One lineage has persisted and diver-
sified during the colonization of the
southern Sierras. The other is (as yet) found
only as far south as the central Sierra Ne-
vada. This interpretation requires lineage
sorting (Avise et al., 1984; Neigel and Av-
ise, 1986) but with unusually high levels
of mtDNA differentiation within the an-
cestor. This is precisely the situation in ex-
tant populations of oregonensis from north-
ern California. This hypothesis predicts
that further sampling of oregonensis will
reveal mtDNAs that are closely related to
the divergent lineages found within pla-
tensis.

The third essential component of Steb-
bin's (1949) model was that diversification
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within Ensatina was gradual, as suggested
by the increasing levels of isolation be-
tween blotched and unblotched salaman-
ders from north to south, but there was no
indication of the time involved. The large
divergences among Ensatina mtDNAs, as
well as the large intraspecific genetic dis-
tances for allozymes (Wake and Yanev,
1986), are consistent with a long evolu-
tionary history. The great diversity of
mtDNA within oregonensis (estimated di-
vergences up to 14.5%; Table 1) suggests
that this is an ancient group. The levels of
mtDNA differentiation of croceater +
southern platensis from klauberi (10.2-11.6%;
Table 1) and of eschscholtzii from xanthoptica
(5.8-7.3%; Table 1) suggest that each of the
southern radiations has been diverging
over a long period. However, the low di-
vergence of both mtDNA and allozymes
(Wake and Yanev, 1986) among geograph-
ically distant samples of eschscholtzii and
between coastal and inland populations of
xanthoptica suggests that the spread of these
subspecies has been relatively recent. Thus,
both of the well-documented secondary
contacts within Ensatina, i.e., between xan-
thoptica and platensis and between esch-
scholtzii and klauberi (reviewed in Wake et
al., 1989), may be relatively recent.

The general support from the mtDNA
evidence for the biogeographic scenario
proposed by Stebbins (1949) substantiates
Ensatina as a ring species and thus as an
exemplar of gradual microevolutionary di-
vergence leading toward speciation. The
mtDNA evidence confirms that klauberi and
eschscholtzii are the end points of two in-
dependently evolving lineages that are
now genetically and in some places (Brown,
1974; Wake et al., 1986) reproductively iso-
lated.

Implications for Systematics: mtDNA and
Species Boundaries

The number and distribution of species
in Ensatina has long been contentious
(Stebbins, 1949); recent discussion has fo-
cused on the implications of different spe-
cies concepts (e.g., Frost and Hillis, 1990).
The observed monophyly of mtDNAs from
some subspecies, notably klauberi, could be

taken as support for the recognition as in-
dependent evolutionary lineages, i.e., spe-
cies, under some definitions. However, be-
cause of differences in the behavior of
organellar and nuclear genes, the use of
organellar genes alone to identify species
boundaries can lead to errors.

Because of its clonal and maternal in-
heritance, mtDNA has a lower effective
population size and can be strongly dif-
ferentiated geographically, whereas nucle-
ar genes cannot (Birky et al., 1983, 1989).
This discrepancy will be exaggerated where
females disperse less often than males, as
appears to be the case in Ensatina (Stebbins,
1954; Wake, unpubl. data). Thus, in old,
geographically subdivided taxa, phyloge-
netic analysis could reveal geographically
discrete monophyletic groups of mtDNAs
(i.e., phylogeographic category 1 of Avise
et al., 1987). However, such an analysis
cannot identify species borders because
putative taxa may be united by nuclear gene
flow. We have uncovered such cases in En-
satina, e.g., among populations of oregonen-
sis along a transect in northern California
and within platensis in the central Sierra
Nevada (Jackman and Wake, in prep.). The
opposite situation, where otherwise dis-
crete taxa are paraphyletic for mtDNA, is
well known (e.g., Ferris et al., 1983; Whitte-
more and Schall, 1991) and appears to be
the case for platensis and oregonensis, which
were regarded by Stebbins (1954) as mor-
phologically separable but are shown here
to be paraphyletic for mtDNA. The use of
mtDNA patterns without corroboration
from other evidence would lead to incor-
rect conclusions about both genetic isola-
tion and cohesion within Ensatina. Gener-
ally, we caution against using mtDNA
patterns as the sole criterion for determin-
ing species boundaries.
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APPENDIX

Abbreviations, collecting localities, and MVZ cat-
alog numbers for subspecies of Ensatina eschscholtzii
from which mtDNA was sequenced (see Fig. 1): 1:
oreg WA: Granite Falls, Snohomish Co., Washington,
MVZ 168659; 2: oreg OR, Wolf Creek Rd., Lane Co.,
Oregon, MVZ 168668; 3: picta LD: Low Divide Rd.,
Del Norte Co., California, MVZ 172513; 4: picta WC:
Wilson Creek Rd., Del Norte Co., California, MVZ
168709; 5: oreg He: Helena, Trinity Co., California,
MVZ (S)10938; 6: oreg Me: Navarro, Mendocino Co.,
California, MVZ 194896; 7: oreg Br: Branscomb Rd.,
Mendocino Co., California, MVZ 194708; 8: oreg In:
Ingot, Shasta Co., California, MVZ 182000; 9: xan SR:
Santa Rosa, Sonoma Co., California, MVZ 205681; 10:
xan Or: Orinda, Contra Costa Co., California, MVZ
163850; 11: esch SBa: Zaca Creek, Santa Barbara Co.,
California, MVZ 167654; 12: esch SBe: Millard Canyon,
San Bernardino Mtns., Riverside Co., California, MVZ
181460; 13: esch CW: Alpine (MVZ 178729) and klau
CWl and klau CW2: Camp Wolahi (MVZ 191684, MVZ
194908), San Diego Co., California; 14: plat Bl: Blod-
gett, El Dorado Co., California, MVZ 172459; 15: plat
AT: Arnold, Calaveras Co., California, MVZ 158006;
16: xan Av: Avery, Calaveras Co., California, MVZ
202316; 17: plat Ma: Gooseberry Flat Rd., Madera Co.,
California, MVZ 169033; 18: plat Ha: Hartland, Tulare
Co., California, MVZ 169165; 19: croc Te: Tehachapi
Mtn. Park, Kern Co., California, MVZ 202330; 20: croc
Ve: Alamo-Little Mutau Creek, Ventura Co., Califor-
nia, MVZ 195607; 21: klau Cr: Crystal Creek, San Ber-
nardino Co., California, MVZ 185823; 22: klau SJS:
Santa Rosa Mountain Rd., Riverside Co., California,
MVZ 185844.
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