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ABSTRACT

Aim The salamander Ensatina eschscholtzii Gray is a classic example of a ring

species, or a species that has expanded around a central barrier to form a

secondary contact characterized by species-level divergence. In the original

formulation of the ring species scenario, an explicit biogeographical model was

proposed to account for the occurrence of intraspecific sympatry between two

subspecies in southern California (the ‘southern closure’ model). Here

we develop an alternative ring species model that is informed by the

geomorphological development of the California Coast Ranges, and which

situates the point of ring closure in the Monterey Bay region of central coastal

California (the ‘Monterey closure’ model). Our study has two aims. The first is to

use phylogenetic methods to evaluate the two competing biogeographical models.

The second is to describe patterns of phylogeographical diversity throughout the

range of the Ensatina complex, and to compare these patterns with previously

published molecular systematic data.

Location Western North America, with a focus on the state of California, USA.

Methods We obtained mitochondrial DNA sequence data from 385 individuals

from 224 populations. A phylogeny was inferred using Bayesian techniques, and

the geographical distributions of haplotypes and clades were mapped. The two

biogeographical ring species models were tested against our Bayesian topology,

including the associated Bayesian 95% credible set of trees.

Results High levels of phylogeographical diversity were revealed, especially in

central coastal and northern California. Our Bayesian topology contradicts the

Monterey closure model; however, 0.08% of the trees in our Bayesian 95%

credible set are consistent with this model. In contrast, the classic ring species

biogeographical model (the southern closure model) is consistent with our

Bayesian topology, as were 99.92% of the trees in our 95% credible set.

Main conclusions Our Bayesian phylogenetic analysis most strongly supports

the classic ring species model, modified to accommodate an improved

understanding of the complex geomorphological evolution of the California

Coast Ranges. In addition, high levels of phylogeographical diversity in central

and northern California were identified, which is consistent with the striking

levels of allozymic differentiation reported previously from those regions.
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INTRODUCTION

Ring species exhibit a circular arrangement of populations

around a central barrier, with reproductively isolated parts

overlapping at one point in the ring, yet with morphological

and genetic intergradation elsewhere (Mayr, 1942, 1963). They

arise when two or more lineages descend from a common

ancestor and become reproductively isolated while maintain-

ing their genetic connectivity through a chain of interbreeding

populations. Mayr (1963, p. 507) stated that ring species are

‘the perfect demonstration of speciation’ because they illustrate

how the microevolutionary processes generating intraspecific

geographical variation can lead to species-level divergence.

When geographical variation in characters has an adaptive

basis, ring species present a natural example of how adaptive

diversification interacts with geography to promote species

formation (Mayr, 1942, 1963; Irwin et al., 2001; Wake, 2006;

Martens & Päckert, 2007). The intraspecific sympatry found in

ring species also leads to serious taxonomic difficulties,

drawing attention to the shortcomings of traditional Linnaean

taxonomy and bringing the species problem into sharper focus

(e.g. Highton, 1998; Wake & Schneider, 1998; Wake, 2006).

The salamander Ensatina eschscholtzii Gray, 1850 is a

particularly influential example of a ring species (Ridley,

1996; Futuyma, 1998). Stebbins (1949) recognized seven

subspecies in the complex, including four with a relatively

uniform dorsal coloration (the ‘unblotched’ subspecies picta,

oregonensis, xanthoptica, eschscholtzii) and three with bright

dorsal patches of colour overlaid on a dark background (the

‘blotched’ subspecies platensis, croceater, klauberi) (for draw-

ings and photographs see Stebbins, 2003; Wake, 2006).

Together these subspecies are distributed in a ring around the

Central Valley of California, which is hot and arid and

currently presents an environment that is inhospitable to

terrestrial salamanders (Fig. 1a). However, in the mountains

of southern California, the unblotched subspecies eschscholtzii

and the blotched subspecies klauberi are locally sympatric

with either limited or no hybridization, indicating they have

reached the species level of divergence (Fig. 1a; Stebbins,

1949, 1957; Brown, 1974; Wake et al., 1986). Stebbins (1949)

developed an explicit biogeographical model to account for

this taxonomic oddity of sympatric subspecies. He postulated

that the Ensatina complex originated in present-day northern

California and southern Oregon, perhaps from a picta-like

ancestor. This ancestral stock then expanded its distribution

as two arms southward down the Coast Ranges (unblotched

subspecies) and the inland ranges (blotched subspecies), the

arms adapting and diverging as they spread, until they

re-established contact in southern California as reproduc-

tively isolated entities (Fig. 1a). Broad zones of phenotypic

intergradation between adjacent subspecies were interpreted

as representative of ongoing genetic connectivity (Dobzhan-

sky, 1958), and the two sympatric subspecies in southern

California were thereby viewed as linked together by a

continuous sequence of interbreeding populations, thus

forming a ring species.

Much molecular systematic work has been done on the

Ensatina complex since Stebbins (1949). The results are

complex in detail, but support the major tenets of the ring

species hypothesis in finding that secondary contacts between

the coastal and inland arms are characterized by species-level

divergence, while secondary contacts within the arms exhibit

patterns of intergradation and genetic merger (Wake & Yanev,

1986; Wake et al., 1986, 1989; Moritz et al., 1992; Jackman &

Wake, 1994; Wake, 1997; Alexandrino et al., 2005). The only

study to present a phylogenetic hypothesis for the Ensatina

complex, however, was that of Moritz et al. (1992), which used

24 mitochondrial (mtDNA) cytochrome b sequences sampled

throughout the range of the species. Their results supported

the ring species scenario in that independent coastal (xant-

hoptica, eschscholtzii) and inland (southern platensis, croceater,

klauberi) clades were identified. In their best-estimate phylog-

eny, these two clades were recovered as sister taxa, with

northern lineages of oregonensis and platensis occupying basal

positions (Fig. 1b).

A detailed follow-up study to Moritz et al.’s (1992) is needed

because the substantial phylogeographical structure within the

Ensatina complex remains poorly demarcated, and because

allozyme studies have uncovered a multifaceted biogeographical

history, the hierarchical organization of which remains unclear

(Wake & Yanev, 1986; Jackman & Wake, 1994; Wake, 1997). In

addition, following the publication of Moritz et al. (1992),

Parks (2000) estimated a Miocene origin for the Ensatina

complex. The geomorphology of western North America

differed dramatically in the Miocene from that of today (Yanev,

1980; Hall, 2002), and a full understanding of the ring species

biogeography for Ensatina must incorporate knowledge of the

geomorphological evolution of the region (e.g. Wake, 1997).

Here we present a new phylogeny for the Ensatina complex

generated using mitochondrial DNA sequences. The current

study expands on that of Moritz et al. (1992) by including 385

sequences from 224 populations. One aim of the study is to

introduce a novel biogeographical model based strictly on the

geomorphological evolution of the California Coast Ranges,

developed as an alternative to the classic ring species model of

Stebbins (1949). Our second aim is to provide a description

of patterns of phylogenetic and phylogeographical diversity,

including mapping the distribution of mtDNA haplotype

lineages in California. These results are used to distinguish

between the two competing biogeographical models.

The biogeography of ring closure

The Coast Ranges of California are composed of northern and

southern elements that have only recently been made contin-

uous (Fig. 2). Orogeny of the northern Coast Ranges was the

result of uplift caused by interactions between the Pacific and

North American plates (Atwater, 1970). In contrast, assorted

elements of the central and southern Coast Ranges were

initially part of a land mass known as the Salinian terrain.

Thirty million years ago, during Oligocene times, the Salinian

terrain was located off the coast of present-day southern
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California (Hall, 2002). Thereafter, from the mid-Miocene

(c. 18 Ma) onward, fragments of this land mass formed islands

that slid northward and were incorporated into the Coast

Ranges of central coastal California (Hall, 2002; Wake, 2006).

Nonetheless, as recently as 2 Ma the Coast Ranges remained

divided by the outlet of a large marine embayment that

extended into the Central Valley of California through the

present-day Monterey Bay region (Yanev, 1980; Hall, 2002)

(Fig. 2b). This barrier was altered when continuing uplift

closed off the marine embayment, transforming the southern

Figure 1 (a) Map showing the distribution of subspecies of Ensatina eschscholtzii in western North America. In the USA, the state of

California is highlighted in black; Washington and Oregon are shown in grey. Subspecies, which circumscribe patterns of phenotypic

variation (Stebbins, 1949), are differentially shaded. In southern California, the subspecies eschscholtzii and klauberi are locally sympatric

in places with limited or no interbreeding. Note the locations of San Francisco Bay and Monterey Bay. (b) Best-estimate phylogeny

from Moritz et al. (1992), showing the recovered relationships among 24 mtDNA cytochrome b sequences, plus two outgroup taxa.

Individual samples are relabelled to correspond with the names and population numbering scheme used in this paper. This tree was

constructed using parsimony analysis (see Moritz et al., 1992, for details); numbers above branches indicate bootstrap support (100

replicates) for values > 50%.
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Central Valley into an enormous freshwater lake (Dupré, 1990;

Sims, 1993). Like the marine embayment, this lake drained

into Monterey Bay via the wide Salinas and Pajaro River valleys

(Sarna-Wojcicki et al., 1985), and the Monterey Bay region

probably remained a dispersal barrier for many terrestrial

organisms. Finally, 600,000 years ago the drainage of the

Central Valley shifted northward to exit just north of present-

day San Francisco (Fig. 2a), eliminating the geographical

barrier at Monterey Bay (Sarna-Wojcicki et al., 1985).

The Monterey Bay region thus constitutes a historical

barrier, and today many taxa show concordant phylogeo-

graphical breaks there (Calsbeek et al., 2003; Lapointe &

Rissler, 2005; Feldman & Spicer, 2006; Kuchta & Tan, 2006;

Rissler et al., 2006). Because the origins of the coastal and

inland arms of the Ensatina complex are thought to pre-date

the formation of a continuous California Coast Range system

(Wake, 1997), the Monterey Bay region should represent a

fundamental biogeographical barrier for Ensatina as well.

Recognizing this, Wake (1997) proposed that the ancestors of

the coastal clade (xanthoptica, eschscholtzii) dispersed out to a

piece of the Salinian terrain prior to its merger with the North

American plate. Later, after the Coast Ranges became contig-

uous, eschscholtzii would have expanded southward to form a

secondary contact with klauberi in present-day southern

California. This scenario is consistent with the geomorpho-

logical evolution of the California Coast Ranges, and is also

consistent with the classic ring species interpretation of the

Ensatina complex because the coastal and inland arms evolved

in the north and dispersed southward to form a secondary

contact in southern California. From a phylogenetic perspec-

tive, the ring species hypothesis of Stebbins (1949) predicts

that the coastal clade (xanthoptica, eschscholtzii) and the inland

clade (southern platensis, croceater, klauberi) are each derived

independently from a northern ancestor (Fig. 2a). We call this

scenario the southern closure model because it situates the

point of ring closure in southern California.

An alternative biogeographical hypothesis, based on the

geological formation of the California Coast Ranges, is that the

Monterey Bay region, rather than the mountains of southern

California, is the ultimate point of ring closure in the Ensatina

complex. Under this scenario, Ensatina originated in northern

California and expanded southward, yet was prevented from

Figure 2 Biogeographical models and corresponding phylogenetic hypotheses. (a) Stebbins’s (1949) southern closure ring species

hypothesis. This model is supported if the recovered phylogeny identifies independent coastal (xanthoptica, eschscholtzii) and inland

(southern platensis, croceater, klauberi) clades, with northern lineages (oregonensis and picta) basal. (b) The coast of California 8–5 Ma, when

the present day Coast Ranges were divided into northern and southern halves by a marine embayment (Hall, 2002). (c) The Monterey

closure ring species hypothesis. This model is supported if the coastal and inland clades are most closely related, with northern lineages basal.

In both (a) and (c), the phylogenetic models account for what is already understood about the phylogeny of the Ensatina complex: that

oregonensis is a deeply diverged, paraphyletic assemblage of lineages, that picta is nested within oregonensis, and that platensis is composed

of two unrelated mtDNA clades (Moritz et al., 1992).
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dispersing the length of the California coastline by the

Monterey embayment (Fig. 2c). The inland clade (the ances-

tors of southern platensis, croceater and klauberi), on the other

hand, was free to expand into southern California, where it

gave rise to the coastal clade (xanthoptica, eschscholtzii).

Ancestors of the coastal clade (which either lost their dorsal

blotching or pre-dated the origin of the blotched phenotype)

then expanded northward to the southern limit of the

Monterey embayment. When the drainage of the Central

Valley shifted to the Golden Gate north of San Francisco, the

ring of populations closed. We call this new ring species

scenario the Monterey closure model. The key phylogenetic

prediction of the Monterey closure model is that the coastal

and inland clades are closely related, with lineages in northern

California ancestral to them (Fig. 2c). Indeed, this is exactly

the pattern of relationships recovered by the best-estimate

phylogeny of Moritz et al. (1992), although it was weakly

supported (bootstrap = 56%; Fig. 1b).

MATERIALS AND METHODS

Population sampling and laboratory techniques

Populations are defined here as samples within 1 km of each

other that belong to the same mtDNA haplotype lineage. For

this study, a fragment of the cytochrome b (cyt b) gene was

obtained from 224 populations (385 individuals) throughout

the range of E. eschscholtzii, including 23 populations (24

individuals) sampled by Moritz et al. (1992) (see Appen-

dix S1 in Supporting Information; Fig. 1b). The complete

data set includes overlapping mtDNA haplotypes collected

using two different sequencing technologies. For 39 haplo-

types, the primers MVZ15 and Cytb2 were used to amplify

the region between nucleotide positions 19–405 of the

mtDNA cyt b locus (Moritz et al., 1992). Sequences were

obtained by running labelled single-strand polymerase chain

reaction (PCR) products on acrylamide gels (manual

sequencing; see Moritz et al., 1992 for laboratory details).

The average length of these sequences was 439 bp (range

242–625).

For the remaining 322 haplotypes, whole genomic DNA

was extracted from ethanol-preserved or frozen tissues (tail

tips, liver, heart) using the Qiagen DNeasy Tissue Kit

(Qiagen, Valencia, CA, USA). The primers MVZ15 and

MVZ16 (Moritz et al., 1992) were used to amplify the region

of the mtDNA cyt b gene between nucleotide positions

19 and 804. Amplifications were carried out in a PTC-100

Thermal Cycler (M.J. Research, Waltham, MA, USA) as

follows: 94�C for 1.5 min (initial denaturation); 35 cycles at

94�C for 1 min, 49�C for 1 min, and 72�C for 1 min.

Figure 3 Map showing the distribution of

samples of Ensatina eschscholtzii in Califor-

nia. Samples assigned to the same subspecies

are given the same symbol, and colours are

used to separate clades within subspecies.

Nine populations north of California are not

shown. Population numbers correspond to

those in Appendix S1, and are used

throughout the manuscript. The table

(upper right) provides a reference for the

names used here, with the pattern of inden-

tation corresponding to nested clades

(Fig. 4a).
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Amplification reaction mixtures consisted of 1· PCR buffer

with 1.5 mm MgCl2, 40 mm of each dNTP, 10 lm of each

primer, and 0.75 U Taq DNA polymerase in a total volume

of 25 lL. PCR experiments included non-template controls

to monitor contamination. Double-stranded PCR products

were purified using the QIAquick PCR Purification kit

(Qiagen). All samples were sequenced in both directions in

a 10-lL reaction mixture using dRhodamine and a 377

Automated Sequencer (Applied Biosystems, Foster City, CA,

USA). Sequences were visually aligned in sequencher (Gene

Codes, Ann Arbor, MI, USA). The average sequence length

was 664 bp (range: 331–784). All GenBank accession num-

bers are listed in Appendix S1.

Phylogenetic analysis

Partitioned Bayesian phylogenetic analyses were carried out

using mrbayes ver. 3.04b (Huelsenbeck & Ronquist, 2001).

The data set was divided into three partitions: 1st, 2nd and 3rd

codon positions. For each partition the best-fitting model of

nucleotide substitution was selected using the Akaike infor-

mation criterion as implemented in mrmodeltest ver. 1.1b

(Nylander, 2004). The models selected were: HKY + C,

HKY + I + C, and GTR + C for the 1st, 2nd and 3rd codon

positions, respectively. Flat Dirichlet prior distributions were

used for substitution rates and base frequencies, and default

flat prior distributions were used for all other parameters.

Metropolis-coupled Markov chain Monte Carlo (MCMCMC)

analyses were run with one cold and three heated chains

(temperature set to the default value of 0.2) for 20 million

generations and sampled every 1000 generations. Stationarity

was confirmed by examining plots of )ln L scores and

parameter values. The phylogeny was rooted with 10 out-

groups from Mueller et al. (2004): Plethodon cinereus,

P. petraeus, P. elongatus, Desmognathus wrighti, D. fuscus,

Phaeognathus hubrichti, Hydromantes brunus, Speleomantes

italicus, Aneides hardii and A. flavipunctatus (GenBank acces-

sion numbers NC006343–NC006345, NC006334, NC006335,

NC006337–NC006339, AY728215, NC006327). Two addi-

tional outgroup sequences from Moritz et al. (1992) were also

included: Aneides lugubris (L75820) and Plethodon elongatus

(L75821). The sister taxon of Ensatina is currently unclear, but

these outgroups include representatives of all the genera that

have been inferred to be most closely related to Ensatina

(Chippindale et al., 2004; Mueller et al., 2004; Vieites et al.,

2007). In addition, the inclusion of multiple outgroups

was necessary for calibrating our divergence time estimates

(described below).

Twelve haplotypes in our complete data set were excluded

from the Bayesian phylogenetic analysis because they were

very short, or were of low quality (Appendix S1). These were

later assigned to clades using a neighbour-joining analysis

with maximum likelihood distances, and in all cases the

haplotypes were assigned to a geographically logical clade

with high confidence (> 95% bootstrap support; data not

shown). Individuals from these localities are plotted in Fig. 3

because they help to identify the geographical bounds of

haplotype lineages.

Divergence time estimates

Using a simple molecular clock, Parks (2000) estimated that

the coastal clade (xanthoptica, eschscholtzii) of the Ensatina

complex originated at least 10 Ma. If this is correct, the coastal

clade pre-dates the development of a continuous Coast Range

system in central coastal California (which formed 2–0.6 Ma;

see Introduction), and thus could not have evolved in situ as

postulated by Stebbins (1949). We estimated the age of the

coastal clade using a Bayesian approach that does not assume

constant evolutionary rates, as implemented in the software

package ‘multidistribute’ (Thorne et al., 1998; Thorne &

Kishino, 2002). The fossil record for plethodontid salamanders

is meagre, and no Ensatina fossils have been found (Holman,

2006). However, two fossils were useful for constraining

divergence dates among outgroup taxa: the common ancestor

of H. brunus and S. italicus was constrained to be at least

13.75 Myr old (Venczel & Sanchı́z, 2005), and the common

ancestor of A. hardii and A. flavipunctatus was constrained to

be at least 23 Myr old (Tihen & Wake, 1981).

Comparing biogeographical models

Our two biogeographical models are the southern closure

model (Stebbins, 1949; Fig. 2a) and the Monterey closure

model (Fig. 2c). In evaluating these hypotheses, we take into

account the composite nature of the subspecies platensis, and

the fact that picta was postulated previously to be nested within

a deeply diverged, multiply paraphyletic oregonensis (Moritz

et al., 1992; Jackman & Wake, 1994). The two competing

biogeographical models (Fig. 2a,c) were compared with our

Bayesian topology and with the topologies present in the

Bayesian 95% credible set using mesquite ver. 1.1 (Maddison

& Maddison, 2006). The 95% credible set of trees includes all

the topologies that are statistically indistinguishable from the

recovered Bayesian topology. Consequently, topologies not

present in the 95% credible set are statistically rejected, while

topologies within the credible set are not rejected (Huelsen-

beck & Rannala, 2004).

RESULTS

Phylogenetic relationships

Plots of )ln L scores and other parameter values suggested that

stationarity was achieved in the Bayesian phylogenetic analysis.

To be conservative, the first five million generations were

discarded as burn-in, leaving 15 million generations and

15,000 topologies in the data set. Branch lengths for a

consensus phylogram were calculated from the means of the

posterior probabilities, and the posterior probabilities of clades

were calculated as the fraction of instances that each clade was

recovered. Three major, basal clades are recovered in the
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Bayesian phylogeny, each of which contains substantial

substructure (Fig. 4a). We refer to the clade including the

subspecies xanthoptica and eschscholtzii as the coastal clade; a

second clade, currently assigned to the subspecies oregonensis,

is referred to as oregonensis [1]; and the third clade, including

the rest of the Ensatina complex, we call clade A.

Coastal clade

The coastal clade includes the subspecies xanthoptica and

eschscholtzii, and is strongly supported with a posterior

probability (hereafter, PP) ‡ 95% (Fig. 4a). The subspecies

xanthoptica (PP ‡ 95%) includes two haplotype lineages (both

PP ‡ 95%), one of which is limited to the southern San

Francisco peninsula (xanthoptica [1]; Figs 3 & 4a), and the

other of which is found east and north of the San Francisco

Bay region, as well as in the foothills of the Sierra Nevada

(xanthoptica [2]; Figs 3 & 4a). The subspecies eschscholtzii also

forms a monophyletic group, although, surprisingly, statistical

support is weak (PP = 79%; Fig. 4a). Two well supported

lineages (PP ‡ 95%) are recovered within eschscholtzii, how-

ever. One is found in southern California, and the other is

located in central coastal California as far northward as the

Pajaro river in the Monterey Bay area (Fig. 3).

oregonensis [1]

This clade is distributed along the coast of the northern half of

California (Fig. 3). Within oregonensis [1] we recover three

strongly supported lineages (Fig. 4a; PP ‡ 95%) with allo-

patric distributions: (1) along the coast of the southern

San Francisco Peninsula; (2) a small patch of populations

restricted to the Point Reyes peninsula, north west of San

Francisco Bay; and (3) along the coast from northern Sonoma

County northward to central Mendocino County in northern

California (Fig. 3).

Figure 4 (a) Bayesian phylogenetic

hypothesis for Ensatina eschscholtzii. Sub-

species and the names of clades used in this

paper are labelled to the right. Thick bran-

ches have posterior probabilities ‡ 95%.

Branches of interest with posterior probabil-

ities < 95% are labelled above the branch.

Note that branches labelled ‘northern hapl-

otypes’ have poor phylogenetic support and

are not assigned to any particular haplotype

lineage. (b) Basal branching patterns recov-

ered in the Bayesian 95% credible set,

illustrating the four possible phylogenetic

placements of oregonensis [1]. The shading

scheme matches (a). In the last reconstruc-

tion, which shows a lack of resolution at the

base of the tree, eight trees (0.08% of the

total) recover the coastal clade and the inland

clade as sister taxa. The remaining 99.92% of

the trees in the 95% credible set do not

recover them as sister taxa.
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Clade A: northern lineages belonging to the subspecies

oregonensis and picta

The third major clade recovered in the Bayesian analysis is

clade A. This clade is not strongly supported (PP = 76%), but

we recognize it here for communication purposes (see

Comparing Biogeographical Models below). Multiple lineages

possessing the unblotched oregonensis phenotype are members

of clade A. One of these we call oregonensis [2] (Fig. 4a). Five

geographically demarcated haplotype lineages are found within

oregonensis [2], four of which are restricted to the San

Francisco Bay region (Fig. 4a). A second clade, oregonensis [3]

(Figs 3 & 4a), is distributed from northern California north-

ward to central Washington State. It is most likely that this

clade extends to the northern limit of the distribution of

Ensatina in central coastal British Columbia, Canada. The final

clade is oregonensis [4] (Fig. 4a), and it occupies a central

position in the ring at the northern end of the Central Valley,

where it forms a secondary contact with the northern clade of

platensis (Fig. 3; Jackman & Wake, 1994; Wake & Schneider,

1998).

The northwestern-most clade in California, representing

picta, is complex (Figs 3 & 4). Populations 9–12 form a lineage

(PP ‡ 95%) within the traditional range of picta. Populations

14 and 16 to the south are sister to populations 9–12

(PP ‡ 95%), and are located within the range of Stebbins’s

(1949) picta/oregonensis intergrade zone. In contrast, popula-

tion 3, located 11 km south east of picta population 10, is

positioned within the eastern range limit of picta (Stebbins,

1949) yet belongs to the oregonensis [3] clade (Fig. 3).

Finally, not all the sequences from northern California are of

clear phylogenetic affinity. We label these the ‘northern

haplotypes’ (Fig. 4). One haplotype from Trinity County

(population 27) is recovered as closely related to picta and

oregonensis [2] (Fig. 4a). Three other haplotypes in north

coastal California (populations 13, 15, 17) form a weakly

supported clade (PP = 65%; Fig. 4a). These three populations

are geographically close to population 27, oregonensis [2],

oregonensis [3] and picta (Fig. 3).

Clade A: clades within the inland arm of the Ensatina

complex

The inland clades (including northern platensis, as well as

southern platensis + croceater + klauberi) possess blotched

phenotypes and are distributed from the northern Sierra

Nevada mountains southward to southern California (Fig. 1a).

Haplotypes from the subspecies platensis form two unrelated

clades corresponding to the northern and southern portions of

the distribution of the subspecies; we call these two clades

northern platensis and southern platensis (Figs 3 & 4a). In our

analysis, northern platensis is strongly supported (PP ‡ 95%).

Southern platensis is weakly supported (PP = 68%), but it is

composed of two strongly supported subclades (PP ‡ 95%;

Fig. 4a). Northern and southern platensis meet between

populations 190 and 192 in the central Sierra Nevada

(Fig. 3), c. 75 km north of a transition zone in allozymes

(Jackman & Wake, 1994; Wake & Schneider, 1998).

The final two lineages in clade A represent the subspecies

croceater and klauberi. The croceater lineage (PP ‡ 95%) is

recovered as sister to southern platensis (PP ‡ 95%), with

klauberi (PP ‡ 95%) sister to this clade (PP ‡ 95%; Fig. 4a).

Together, these three lineages form a strongly supported inland

clade (Fig. 4a). The relationship of this clade to the coastal

clade (xanthoptica, eschscholtzii) is key to distinguishing

between our two competing biogeographical models (Fig. 2a,c;

see below).

Divergence time estimate

We estimated the age of the split between the coastal clade and

clade A + oregonensis [1] at 21.5 Ma (95% CI = 8.9–51.1 Ma).

A wide confidence interval was obtained because we were

unable to constrain any of the nodes within the Ensatina

complex with fossil calibrations, limiting our fossil dates to

outgroup taxa. In addition, we were unable to put an upper

bound on any node in the phylogeny, which is responsible for

the large upper bound on the CI. Consequently, our estimate

of the age of the coastal clade should be viewed with a high

level of caution. Nonetheless, the lower estimate of 8.9 Myr for

the origin of the coastal clade is in accordance with the simple

molecular clock estimates of Parks (2000), and greatly precedes

the formation of a continuous Coast Range system in central

California, which formed no sooner than 2 Ma (Fig. 2b).

Comparing biogeographical models

We recovered separate, strongly supported coastal (xanthop-

tica, eschscholtzii) and inland (southern platensis, croceater,

klauberi) clades in our phylogeny. The basal pattern of

branching in our phylogeny has low statistical support

(PP < 95%), however, which complicates the comparison of

biogeographical models. Reference to the 95% credible set

of trees provides insight into the statistically equivalent set of

topologies; any topology present in this credibility set cannot

be statistically rejected (Huelsenbeck & Rannala, 2004). There

were 9500 trees in the Bayesian 95% credible set, and all

identify separate coastal and inland clades (Fig. 4b). In 99.92%

of these trees, the coastal and inland clades are not sister taxa,

and thus they support the southern closure model (Fig. 2c). In

eight of the topologies (0.08%), however, the inland and

coastal clades are sister taxa, which is consistent with the

southern closure model. Thus, while the Monterey closure

model does not receive strong support, we are unable to reject

it with statistical confidence.

The southern closure model (Stebbins, 1949) is more

complex. Our Bayesian topology recovers the coastal clade

(xanthoptica, eschscholtzii) as sister to the remainder of the

Ensatina complex. This is consistent with the southern closure

model (Stebbins, 1949) because it allows for the independent

evolution of separate coastal and inland clades from a northern

ancestor (Fig. 2a). Inspection of the Bayesian 95% credible set
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of trees revealed four sets of statistically indistinguishable

topologies that differed in their branching patterns at the base

of the tree, all four the result of an unstable placement of the

oregonensis [1] clade (Fig. 4b). This clade is recovered as:

(1) sister to clade A, as in our majority rule Bayesian topology

(Fig. 4a); (2) sister to the coastal clade (xanthoptica, esc-

hscholtzii); (3) sister to the rest of the Ensatina complex; or

(4) nested within clade A (Fig. 4b). This latter reconstruction

explains why clade A has low statistical support, despite the

fact that no members of clade A are ever recovered outside that

clade in the 95% credible set of trees. The strongest support for

the southern closure hypothesis is provided by those topolo-

gies in which lineages of oregonensis are recovered as basal to

both the coastal clade and the inland clade (sets 2 and 3 above;

Fig. 4b).

DISCUSSION

Assembling a ring species

The phylogeographical complexity within Ensatina revealed by

our study is likely to be a consequence of the old age of the

complex (Maxson et al., 1979; Larson et al., 1981; Parks,

2000), combined with a vast geographical range relative to

dispersal ability (Staub et al., 1995) and the geomorphological

complexities of the tectonically active California landscape

(Yanev, 1980; Hall, 2002; Burnham, 2005). This set of

circumstances has influenced patterns of diversification in

diverse taxa (Kuchta & Tan, 2005; Feldman & Spicer, 2006;

Chatzimanolis & Caterino, 2007; Rich et al., 2008), including

adaptive differentiation accompanying lineage divergence

within the Ensatina complex itself (Kuchta, 2005; Wake,

2006; Kuchta et al., 2008). Using a Bayesian approach, we

estimated that the coastal clade (xanthoptica, eschscholtzii)

originated prior to the formation of a continuous California

Coast Range system, which closed between 2 Ma and

600,000 yr ago. Consequently, a strict interpretation of the

southern closure ring species model (Fig. 2a) is problematic,

because Stebbins (1949) explicitly predicted that the coastal

arm of the Ensatina complex evolved within the present-day

Coast Ranges. One solution that is consistent with the southern

closure model was presented by Wake (1997), who postulated

that the ancestor of the coastal clade colonized an island mass

that was a geological precursor to part of the central Coast

Ranges of California. An alternative solution, developed in this

paper (Fig. 2c), postulates that ring closure in the Ensatina

complex is located in the Monterey Bay region rather than

southern California, and formed after uplift of the Coast Ranges

created a continuous Coast Range system 2–0.6 Ma.

The southern closure and Monterey closure biogeographical

models were evaluated by comparing their predicted phyloge-

netic topologies with our Bayesian topology and the associated

Bayesian 95% credible set of trees. Our Bayesian topology is

not consistent with the Monterey closure model because the

coastal clade (xanthoptica, eschscholtzii) is not recovered as

closely related to the inland clade (southern platensis, croceater,

klauberi; cf. Figs 2c & 4a). In the 95% credible set of trees,

however, a small number of the topologies (0.08%) recover the

coastal and inland clades as sister taxa. This result precludes

rigorous rejection of the Monterey closure model. The

southern closure model predicts that the coastal and inland

clades will be independent and derived from a northern

ancestor, and our Bayesian topology, as well as the vast

majority (99.92%) of the topologies present in the 95%

credible set of trees, are consistent with these criteria (cf.

Figs 2a & 4a). We conclude that our data most strongly

support the southern closure model of Stebbins (1949).

Mitochondrial DNA haplotype clades and patterns

of nuclear differentiation

The current study builds on that of Moritz et al. (1992) by

identifying several new clades, by resolving much phylogeo-

graphical structure within previously known clades, and by

advancing our understanding of the geographical distribution

of mtDNA haplotype lineages throughout the Ensatina com-

plex (Fig. 3). Two new, allopatric lineages were found in

oregonensis [1], for example, as were new lineages within

xanthoptica, eschscholtzii, northern platensis and southern

platensis (Figs 3 & 4a). In northern California, four separate

clades of oregonensis ([1–4]) were found, all of which possess

substantial phylogeographical structure of their own (Figs 3

& 4a). In addition, a clade representing the subspecies picta,

and some haplotypes of unclear phylogenetic affinity, are

found in northern California. Finally, striking levels of

diversity were found in the San Francisco Bay area, including

seven supported haplotype lineages within oregonensis (see

Kuchta et al., 2009 for a detailed consideration of patterns of

diversity in central coastal California).

The phylogenetic complexity revealed by our analysis of

mtDNA haplotypes is in accordance with early work on

patterns of geographical variation in allozymes, which also

disclosed notable levels of genetic differentiation (Wake &

Yanev, 1986; Jackman & Wake, 1994). For example, Wake

& Yanev (1986) examined 19 populations throughout the

Ensatina complex and found that most populations were

separated by large Nei’s (1978) genetic distances (D), in excess

of 0.4 in some comparisons. When we map the results of Wake

& Yanev (1986) onto the distribution of haplotype lineages

recovered in the current study, we find that where Nei’s genetic

distances are high, populations represented by separate

mtDNA lineages are being compared. For example, Nei’s D

between three populations in northern California ranges from

0.11 to 0.29 (Fig. 5a). Using the terminology of the current

study, this corresponds to comparisons between picta, oregon-

ensis [1] and oregonensis [4]. On the other hand, in the few

instances in which Nei’s D is relatively low, comparisons are

between populations within single mtDNA haplotype lineages.

For instance, Nei’s D between populations of eschscholtzii in

Monterey and Santa Barbara County is only 0.03, and both

populations are within the range of the northern mtDNA

haplotype lineage of eschscholtzii.
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Given the high levels of phylogeographical structure and the

strong pattern of isolation by distance in the Ensatina complex

(Jackman & Wake, 1994; Kuchta et al., 2009), it is not

surprising that the large genetic distances documented by

Wake & Yanev (1986) are associated with separate mtDNA

clades, because Wake & Yanev (1986) had widely spaced

samples (a strategy that made sense given that little was known

about genetic diversity in the Ensatina complex at the time).

Denser sampling is needed to examine patterns of concordance

and discordance between allozyme and mtDNA markers

(Wake & Schneider, 1998). A first step in this direction can

be obtained by examining divergence among populations in

northern California, where Jackman & Wake (1994) investi-

gated allozymic differentiation among populations from north

western California (picta) across the northern end of the

Central Valley (oregonensis [2–4]) to the northern limit of the

Sierra Nevada region (oregonensis [4]) (Fig. 5b). They found

that Nei’s D was generally high, ranging up to 0.17 between

nearest neighbours within the subspecies oregonensis, and

isolation by distance characterized the transect. Figure 5b

shows how the patterns of allozymic differentiation reported

by Jackman & Wake (1994) relate to mtDNA phylogeograph-

ical diversity. We see that the allozyme sampling spans four

unrelated mtDNA haplotype lineages, suggesting that the high

levels of allozyme differentiation are in part a consequence of

comparing discrete phylogeographical units. In most instances,

however, only a small number of populations (1–4) were

sampled for allozymes within the range of each mtDNA

lineage, severely hampering comparisons of patterns of vari-

ation within vs. between lineages (Fig. 5b). Nonetheless, there

is some evidence of admixture where lineages contact one

another, as population 7 of Jackman & Wake (1994) was found

to contain two sympatric haplotypes belonging to divergent

mtDNA lineages (Fig. 5b). In the current study, these haplotypes

are assigned to population 7 (oregonensis [3]) and population 23

(oregonensis [4] Fig. 3). Interestingly, this locality is unremark-

able for allozymes, with low Nei’s D (£ 0.06) to nearby

populations of oregonensis [3] and oregonensis [4].

Where lineages around the ring meet, such as among

lineages of oregonensis in northern California, it is necessary to

distinguish among the various kinds of evolutionary dynamics

that might occur, such as localized hybridization, introgres-

sion, or genetic merger. The ring species scenario requires that

secondary contacts within the ring are not characterized by

reproductive isolation, whereas secondary contacts between

the coastal and inland arms must exhibit species-level diver-

gence. In this spirit of assessing contact zone dynamics

(Jockusch & Wake, 2002; Alexandrino et al., 2005; Kuchta,

2007), a more rigorous assessment of the association between

mtDNA haplotype lineages and patterns of allozymic diversity

throughout the Ensatina complex has recently been under-

taken (Pereira & Wake, in press). Theoretical models suggest

Figure 5 Map illustrating the relationships

between previous allozyme studies and the

mtDNA clades recovered in the current study.

Subspecies are differentially shaded. Within

subspecies, the distributions of major

mtDNA clades are designated with thick

dashed lines. (a) Nei’s (1978) genetic dis-

tances between samples as reported by Wake

& Yanev (1986). The allozymic intergradation

zone between northern and southern platensis

is also shown (Jackman & Wake, 1994).

The stars show the location of the northern

haplotypes, which are of unclear phylogenetic

affinity (Fig. 4a). The question mark in

northern California points out an area that we

have not sampled for mtDNA, thus we are not

confident regarding its phylogenetic affinity.

(b) Inset showing an expanded view of

northern California. Points show populations

studied by Jackman & Wake (1994)

(population 7 is labelled because it is referred

to specifically in the text); numbers are Nei’s

(1978) genetic distances between samples.
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that separate mtDNA clades may evolve in situ when popu-

lations exhibit isolation by distance (cladogenesis without

allopatry; Irwin, 2002). If this model is correct (see Templeton,

2004), the in situ evolution of discrete mtDNA clades may be

an important factor within the Ensatina complex, given the

low dispersal abilities of Ensatina salamanders (Staub et al.,

1995) and the strong patterns of isolation by distance that have

been documented (Jackman & Wake, 1994; Kuchta et al.,

2009).

Ring species and taxonomy

We have focused on the biogeography of the Ensatina

complex, but there is also a taxonomic dimension to consider.

Critics (e.g. Highton, 1998) have argued that the Ensatina

complex is not special or unusual, but that it is instead

comprised of independently evolving species. According to this

view, there is no ring species, just inappropriate taxonomy.

Highton (1998) thinks recognition of many species – at least

11 – is warranted, using criteria he has developed for species in

the plethodontid genus Plethodon. Less extreme taxonomic

revisions have been proposed. For example, Frost & Hillis

(1990) suggested recognizing klauberi as a full species because

of its allopatric distribution in southern California (Fig. 1a);

they also thought the remainder of the complex needs further

revision. Graybeal (1995) offered a suggestion for recognizing

four species. Highton (1998) argued that no single species

could possibly contain so much genetic diversity as that

recorded in Ensatina (and he did not consider the results

published by Wake, 1997). Wake & Schneider (1998) coun-

tered by reviewing much of the complexity in Ensatina,

including numerous instances of discordance among morpho-

logical, allozymic and mtDNA sets, and argued that Highton

(1998) was using a phenetic (as opposed to phylogenetic)

methodology that artificially sharpened the borders between

units that lack evidence of genetic and evolutionary indepen-

dence. The pattern of haplotype clade distributions presented

in this paper portrays a patchwork of exclusive geographical

ranges. However, it is simplistic to consider these haplotype

clades to be full species, despite the parapatric nature of the

ranges and the near absence of sympatry except in contact

zones. There are discordances between patterns in the mtDNA

clades and patterns based on allozymes and coloration (Wake

& Schneider, 1998). The stage is now set for in-depth analyses

of the regions of discordance, which will entail the use of

multiple molecular markers (e.g. projects in progress by

T. Devitt and R. Pereira). Pending results of such studies, we

continue to accept the taxonomy of Stebbins (1949) as the best

available alternative. Of the seven recognized subspecies,

xanthoptica, eschscholtzii, klauberi and croceater are potentially

genealogical entities, monophyletic or nearly so with respect to

all three kinds of data. Both oregonensis and platensis are

recognizable as originally diagnosed by Stebbins (1949), but

each is di- to polyphyletic with respect to mtDNA, and they are

sufficiently complex with respect to allozymes that it seems safe

to assume that neither is a genealogical unit. The subspecies

category is controversial; there is no general agreement that

subspecies must or should be monophyletic. Instead, their

utility is to provide labels for phenotypically recognizable,

geographically discrete segments of complexes of species that

remain under study (Wake & Schneider, 1998; Manier, 2004;

Mulcahy, 2008). Examples in addition to Ensatina among

salamanders include the Ambystoma tigrinum, Salamandra

salamandra and Bolitoglossa franklini complexes (Wake &

Lynch, 1982; Shaffer & McKnight, 1996; Steinfartz et al.,

2000). Until definitive evidence for the evolutionary indepen-

dence of components of the Ensatina complex warrants a

taxonomic revision (using diverse criteria within the framework

of the general lineage species concept; de Queiroz, 1998), we

recommend continuation of the now familiar and utilitarian

taxonomy first proposed by Stebbins (1949). We prefer to direct

attention towards what the complex has to teach us about the

diversification process, as well as the limits of the species

category itself.
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