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Abstract

Cave organisms occupy a special place in evolutionary biology because convergent
morphologies of many species demonstrate repeatability in evolution even as they obscure
phylogenetic relationships. The origin of specialized cave-dwelling species also raises the
issue of the relative importance of isolation vs. natural selection in speciation. Two alternative
hypotheses describe the origin of subterranean species. The ‘climate-relict’ model proposes
allopatric speciation after populations of cold-adapted species become stranded in caves
due to climate change. The ‘adaptive-shift’ model proposes parapatric speciation driven by
divergent selection between subterranean and surface habitats. Our study of the Tennessee
cave salamander complex shows that the three nominal forms (Gyrinophilus palleucus
palleucus, G. p. necturoides, and G. gulolineatus) arose recently and are genealogically
nested within the epigean (surface-dwelling) species, G. porphyriticus. Short branch lengths
and discordant gene trees were consistent with a complex history involving gene flow
between diverging forms. Results of coalescent-based analysis of the distribution of hap-
lotypes among groups reject the allopatric speciation model and support continuous or
recurrent genetic exchange during divergence. These results strongly favour the hypothesis
that Tennessee cave salamanders originated from spring salamanders via divergence
with gene flow.
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Introduction

The origin of cave species has received considerable attention
from biologists attempting to understand ecology and
evolution (Barr 1968; Culver 1982; Barr & Holsinger 1985;
Holsinger 2000). As with speciation in epigean (surface-
dwelling) organisms, the roles of selection, gene flow, and
geographical isolation during subterranean speciation are
controversial and difficult to resolve (Coyne & Orr 2004;
Bolnick & Fitzpatrick 2007), but the common ecogeographical
context of subterranean speciation generates a common
framework from which to ask general questions (Holsinger
2000). The origin of a cave-dwelling lineage always involves
an ecological shift and a generally consistent set of character

changes including reduction of eyes and pigmentation,
enhancement of extra-optic sensory systems, reduction in
fecundity and metabolism, and increased longevity (Barr
1968; Culver 1982; Poulson 1985; Borowsky & Wilkens
2002). An important question is whether such forms have
originated in complete geographical isolation (allopatric
speciation) or in the face of ongoing dispersal across the
epigean–subterranean interface (divergence with gene flow,
Rice & Hostert 1993).

A traditional view is that cave organisms are isolated
and relictual; populations become trapped underground
and slowly evolve troglomorphic characters via ‘regressive
evolution’, where structures such as eyes degenerate because
selection no longer eliminates mutations that would have
been deleterious on the surface (Darwin 1859; Eigenmann
1909; Culver 1982; Romero & Green 2005). However, some
authors favour the view that degenerative characters are
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adaptive underground and evolution of cave specialists is
no different from evolution of other habitat specialists
(Poulson 1963; Culver 1982; Jeffery 2005; Protas et al. 2007).
In the latter view, subterranean forms can arise via ecological
speciation, a mode of divergence that can be rapid and may
not require geographical isolation (Schluter 2000; Coyne &
Orr 2004; Hendry et al. 2007). Ecological divergence with
gene flow has become increasingly credible in recent years
(Barluenga et al. 2006; Panova et al. 2006; Savolainen et al.
2006; Hendry et al. 2007; Quesada et al. 2007), but its pre-
valence is the subject of continuing debate (Coyne & Orr
2004; Bolnick & Fitzpatrick 2007; Coyne 2007).

In the biospeleological literature, specific allopatric
speciation and divergence-with-gene-flow scenarios have
been described, respectively, as the ‘climate-relict’ and
‘adaptive-shift’ hypotheses (Howarth 1973; Holsinger 2000;
Rivera et al. 2002). Under the climate-relict model, epigean
ancestors adapted to cool, moist environments in temperate
areas retreated into subterranean habitats in response to
climatic fluctuations. As surface conditions became in-
hospitable, extirpation of epigean populations facilitated
allopatric speciation of subterranean populations (Holsinger
1988, 2000; Ashmole 1993). Under the adaptive-shift model,
pre-adapted epigean ancestors invaded subterranean
habitats to exploit new niches with reduced competition
and quickly evolved in sympatry or parapatry with related
surface populations (Howarth 1973, 1981; Holsinger 2000).
This is a typical two-habitat ecological speciation scenario
(Schluter 2000; Coyne & Orr 2004).

While a parapatric ‘adaptive-shift’ requires divergent
natural selection to overcome the homogenizing process of
gene flow, allopatric ‘climate-relict’ divergence may involve
strictly neutral changes, adaptive changes that may or may
not contribute to the evolution of reproductive isolation, or
‘regressive’ changes where cave-associated morphologies
come about due to loss-of-function mutations that are mala-
daptive on the surface but selectively neutral underground.
Thus, the allopatric climate-relict scenario may or may
not also involve adaptive shifts. The key distinction is not
adaptation; it is absence or presence of gene flow during
divergence.

Here, we investigate the divergence of the Tennessee
cave salamander (Gyrinophilus palleucus) species complex
and its presumed sister species (see Brandon 1966), the
spring salamander, G. porphyriticus. Spring salamanders
are typical plethodontids with a biphasic life cycle where
fully aquatic larvae transform into terrestrial adults (Fig. 1).
They are found not only in association with surface springs,
seepages, and coldwater streams (Bruce 1972; Petranka
1998), but also in caves (Cooper & Cooper 1968; Petranka
1998). Larval G. porphyriticus have relatively broad, flat
snouts and small eyes, suggesting adaptation to subsurface
habitats in the interstitial zone of streambeds (Brandon
1966; Birchfield & Bruce 2000; Bruce 2003). Tennessee cave

salamanders express only a paedomorphic life cycle, where
the aquatic larvae become large and sexually mature without
ever metamorphosing into a terrestrial form (Brandon
1966). In addition to this shift to an entirely aquatic life
cycle, Tennessee cave salamanders exhibit morphological
traits typical of cave salamanders in other groups, such as
Eurycea and Proteus. These traits include markedly reduced
eyes and pigmentation, a broad head with a spatulate snout,
and well-developed lateral line sensory systems (Fig. 1).

Current taxonomy recognizes two subterranean species
(Miller & Niemiller 2008): the Tennessee cave salamander
(G. palleucus) from the Central Basin, Eastern Highland Rim,
and escarpments of the southern Cumberland Plateau;
and the Berry Cave salamander (G. gulolineatus) from the
Valley and Ridge (Fig. 1). Two subspecies of G. palleucus are
recognized: the pale salamander (Fig. 1A), G. p. palleucus,
and the Big Mouth Cave salamander (Fig. 1B), G. p. necturoides.
For the purposes of understanding the origin of cave-
dwelling lineages with troglomorphic traits, the taxonomic
status of a group or its resemblance to a particular species
definition is not important. The existence of distinct clusters
of diversity is important and we treat the above groups as
potentially independent subterranean lineages.

The ranges of Tennessee cave salamanders and spring
salamanders (G. porphyriticus; Fig. 1C), are largely parapatric
(Fig. 1; Miller & Niemiller 2008). Brandon (1971) proposed
that the subterranean complex evolved from an epigean,
metamorphosing ancestor like G. porphyriticus during the
Pleistocene as climatic conditions isolated peripheral
populations of spring salamanders and facilitated allo-
patric speciation under the climate-relict model. Cave systems
inhabited by the G. palleucus complex are estimated to
be of Pliocene to Pleistocene age (Barr 1961). However, the
phylogeny of the complex and its timing of divergence
from G. porphyriticus have never been investigated.

To address the question of whether cave salamanders
arose in allopatry vs. by divergence with gene flow from
G. porphyriticus, we used population genetic analyses
to estimate historic levels of gene flow among taxa and
evaluate the influence of geographical structure on gene flow
within and between taxa. Distinguishing allopatric speci-
ation from divergence with gene flow is a major challenge
for speciation biology (Coyne & Orr 2004; Fitzpatrick &
Turelli 2006). Heuristic interpretation of gene trees has
proven unsatisfactory because genealogical patterns in
recently isolated populations may be qualitatively similar
to those produced in the presence of gene flow (Irwin 2002;
Hey & Machado 2003). Recent developments in coalescent
theory offer promise for making strong inferences from a
Bayesian perspective (Nielsen & Wakeley 2001; Hey &
Nielsen 2004; Hey 2005). We used the isolation with migration
(IM) model to estimate the posterior probability distributions
of gene flow parameters given patterns in mitochondrial
DNA (mtDNA) and nuclear DNA sequences (Hey & Nielsen
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Fig. 1 Sampling localities and distribution (top) of the described taxa within the Tennessee cave salamander complex and the spring
salamander (bottom): (A) pale salamander (G. p. palleucus), (B) Big Mouth Cave salamander (G. p. necturoides), (C) larval spring salamander
(G. porphyriticus), and (D) Berry Cave salamander (G. gulolineatus). Information on numbered localities can be found in Table 1. Note the
phenotypic differences between the larval epigean form (C) and the paedomorphic subterranean forms (A, B, and D). Larval subterranean
salamanders have reduced eyes and broader, more spatulate snouts than larvae of the epigean form.
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2004). Taking the posterior density at or near zero migration
as an indication of support for allopatric speciation, our
analyses favour the alternative of divergence with gene
flow between Tennessee cave salamanders and their epigean
sister species, the spring salamander.

Materials and methods

Sampling and molecular methods

As part of a general study of Tennessee cave salamanders,
we obtained tail tissue samples from 109 salamanders
from 27 localities throughout the range of the Tennessee
cave salamander complex and 15 localities of Gyrinophilus
porphyriticus (Table 1 and Fig. 1; Animal Care and Use
Protocol 04-006, Middle Tennessee State University). We
were limited to no more than three samples for most
localities because of permit restrictions or low abundance.
Sampling of G. porphyriticus focused on localities in close
proximity to Tennessee cave salamander localities be-
cause if G. porphyriticus is sister to the G. palleucus complex,
then G. palleucus likely diverged from populations of
G. porphyriticus inhabiting the Cumberland Plateau and
Valley and Ridge. Voucher specimens were deposited into
the herpetological collection at Middle Tennessee State
University.

DNA was extracted from tail tissue and polymerase
chain reaction (PCR) was used to amplify portions of two
mitochondrial genes, ~850 bp of the 12S ribosomal DNA
(rDNA) and 783 bp of cytochrome b (cyt b), and one nuclear
gene, 521 bp of recombination activating gene 1 (RAG-1).
This nuclear gene has been utilized with considerable
resolving power at many phylogenetic scales in plethodontid
salamanders including within genera (Chippindale et al.
2004; Min et al. 2005; Wiens et al. 2006). The 12S rDNA
fragment was amplified using primers 12SZ-L and 12SK-H
(Goebel et al. 1999; Whiting et al. 2003) and the cyt b fragment
was amplified using primers MVZ15 and MVZ16 (Moritz
et al. 1992) under standard cycling conditions. The RAG-1
fragment was amplified using primers RAGSAL4F (5′-
CGTTTCTCYTTCACAYTCATGAC-3′) and RAGSAL3R
(5′-GCTGAAAKATCTTYTAYAACTCTG-3′) (P. T. Chippin-
dale, personal communication) using a touchdown protocol.
Sequencing reactions were performed using original PCR
primers and run on an ABI PRISM 3100 (Applied Biosys-
tems) at GenHunter Corporation.

Forward and reverse sequences for each sample were
aligned and edited using seqman (DNASTAR) with
ambiguous base calls verified manually by examining the
electropherogram for each sequence. These sequences were
aligned to each other and to two outgroup sequences for
each locus (Pseudotriton ruber and Stereochilus marginatus,
after Chippindale et al. 2004; Mueller et al. 2004; Macey
2005). Resulting contigs were aligned using clustal_x

(Thompson et al. 1997). Direct sequencing of PCR products
for RAG-1 revealed a few nucleotide sites at which indi-
viduals were heterozygous. Heterozygosity was rare and
most haplotypes could be determined unambiguously.
Haplotypes for five heterozygous individuals were inferred
following Clark (1990).

Phylogenetic analyses

Estimating gene trees. We used collapse 1.2 (D. Posada) to
parse redundant haplotypes for each data set. Gene trees were
constructed using maximum parsimony (MP), maximum
likelihood (ML), and Bayesian analyses with mtDNA and
RAG-1 data sets analysed separately. In addition, unrooted
statistical parsimony networks for the mtDNA and RAG-1
data were constructed in tcs 1.18 (Clement et al. 2000). We
did not concatenate the mtDNA and RAG-1 sequences
because this practice can be misleading for three reasons.
First, different alleles or loci sampled from the same indi-
vidual do not have identical histories and it is misleading
to assume that they do (Rosenberg & Nordborg 2002; Hey
& Machado 2003). Second, there are over three times as
many base pairs in our mtDNA data set; therefore, most of
the information in a concatenated sequence would reflect
mitochondrial history rather than being a fair average of
the two histories. Finally, even in situations where the
first two concerns do not apply, concatenated sequences
can indicate erroneous support for incorrect species trees
(Degnan & Rosenberg 2006; Salter Kubatko & Degnan 2007).

MP and ML analyses were conducted in paup* 4.0b10
(Swofford 2002) using a heuristic search with tree-bisection–
reconnection, ACCTRAN, and 1000 random-taxon-addition
replicates. For MP analysis, all sites were treated as un-
ordered, equally weighted characters with gaps treated as
missing data. Confidence at each node was assessed using
nonparametric bootstrapping (Felsenstein 1985) based on
1000 pseudoreplicates with 100 random-taxon-addition
replicates per pseudoreplicate. The optimal model of sequence
evolution for each data set (12S, cyt b, 12S+cyt b, and RAG-1)
was determined using Akaike’s information criterion (AIC)
implemented in modeltest 3.7 (Posada & Crandall 1998).
ML analyses were performed under the model of evolution
selected for each data set. The hypothesis of monophyly
of G. palleucus and G. gulolineatus was evaluated with the
Shimodaira–Hasegawa test in paup*.

Bayesian posterior probabilities were estimated in mrbayes
3.1 (Ronquist & Huelsenbeck 2003). Two independent runs
using four Markov chains and temperature profiles at the
default setting of 0.2 were conducted for 8 million genera-
tions, sampling every 100th generation. modeltest selected
different models of sequence evolution for 12S and first,
second, and third position codons of cyt b. Therefore, the
combined mtDNA data set was partitioned accordingly
and unlinked allowing values for transition/transversion
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Table 1 Populations of Gyrinophilus sampled with locality information, number of individuals (n) sampled from each population, watershed, major drainage, mtDNA haplotype with
number of individuals sequenced in parentheses, and RAG-1 haplotype with number of individuals sequenced in parentheses used in this study. Discordance between morphological
assignment and haplotype are indicated in bold

Population Species Locality (cave no.)* County State n Watershed Major drainage mtDNA haplotype RAG-1 haplotype

1 G. p. palleucus Sinking Cove Cave (TFR25) Franklin TN 4 Lower Tennessee Tennessee palleucus-01 (1), 
palleucus-02 (3)

palleucus-06 (8)

2 G. p. palleucus Cave Cove Cave (TFR33) Franklin TN 3 Lower Tennessee Tennessee palleucus-01 (3) palleucus-06 (6)
3 G. p. palleucus Custard Hollow Cave (TFR7) Franklin TN 4 Lower Tennessee Tennessee palleucus-02 (4) palleucus-01 (2), 

palleucus-06 (6)
4 G. p. palleucus Shakerag Cave (TMN371) Marion TN 1 Lower Tennessee Tennessee palleucus-16 (1) palleucus-06 (2)
5 G. p. palleucus Sauta Cave (AJK50) Jackson AL 2 Lower Tennessee Tennessee palleucus-12 (2) palleucus-06 (4)
6 G. p. palleucus McFarland Cave (AJK65) Jackson AL 1 Lower Tennessee Tennessee palleucus-15 (1) palleucus-04 (2)
7 G. p. palleucus Gross Skeleton Cave (AJK224) Jackson AL 1 Lower Tennessee Tennessee palleucus-13 (1) palleucus-07 (2)
8 G. p. palleucus Guffey Cave (AMD317) Madison AL 2 Lower Tennessee Tennessee palleucus-11 (2) palleucus-02 (4)
9 G. p. necturoides Big Mouth Cave (TGD2) Grundy TN 11 Elk Tennessee palleucus-08 (1), 

palleucus-17 (8), 
palleucus-18 (2)

palleucus-02 (21), 
palleucus-03 (1)

10 G. p. necturoides Crystal Cave (TGD10) Grundy TN 1 Elk Tennessee palleucus-08 (1) palleucus-02 (2)
11 G. p. necturoides Smith Hollow Cave no. 2 (TGD64) Grundy TN 3 Elk Tennessee palleucus-10 (3) palleucus-02 (6)
12 G. p. necturoides Blowing Springs Cave (TCF18) Coffee TN 3 Elk Tennessee palleucus-03, 

palleucus-08
palleucus-02 (6)

13 G. p. necturoides Lusk Cave (TCF8) Coffee TN 3 Elk Tennessee palleucus-09 (3) palleucus-02 (6)
14 G. p. necturoides Jaco Spring Cave (TWR317) Warren TN 1 Collins Cumberland palleucus-03 (1) palleucus-02 (2)
15 G. p. necturoides King Cave (TWR295) Warren TN 2 Collins Cumberland palleucus-03 (2) palleucus-02 (4)
16 G. p. necturoides Sugarcookie Cave (TWR301) Warren TN 1 Collins Cumberland palleucus-04 (1) palleucus-02 (2)
17 G. palleucus Herring Cave (TRU8) Rutherford TN 3 Stones Cumberland palleucus-14 (3) palleucus-02 (6)
18 G. palleucus Snail Shell Cave (TRU16) Rutherford TN 2 Stones Cumberland palleucus-14 (2) palleucus-02 (4)
19 G. palleucus Gallagher Cave (TMS23) Marshall TN 2 Duck Tennessee palleucus-05 (1), 

palleucus-07 (1)
palleucus-01 (2), 
palleucus-02 (2)

20 G. palleucus Pompie Cave (TMU19) Maury TN 3 Duck Tennessee palleucus-05 (1), 
palleucus-06 (2)

palleucus-02 (6)

21 G. palleucus Stone Cave (TSQ7) Sequatchie TN 1 Sequatchie Tennessee palleucus-18 (1) palleucus-05 (2)
22 G. palleucus Fricks Cave (GWK14) Walker GA 1 Lower Tennessee Tennessee palleucus-19 (1) palleucus-02 (2)
23 G. gulolineatus Berry Cave (TRN3) Roane TN 3 Upper Tennessee Tennessee gulolineatus-01 (3) gulolineatus-02 (4), 

gulolineatus-03 (2)
24 G. gulolineatus Aycock Spring Cave (TKN172) Knox TN 1 Clinch Tennessee gulolineatus-02 (1) gulolineatus-02 (2)
25 G. gulolineatus Christian Cave (TKN49) Knox TN 1 Clinch Tennessee gulolineatus-03 (1) gulolineatus-02 (2)
26 G. gulolineatus Meade Quarry Cave (TKN28) Knox TN 3 Upper Tennessee Tennessee gulolineatus-04 (3) gulolineatus-01 (1), 

gulolineatus-02 (5)
27 G. gulolineatus Mudflats Cave (TKN9) Knox TN 3 Upper Tennessee Tennessee gulolineatus-05 (3) gulolineatus-02 (6)
28 G. porphyriticus Davidson Branch Coffee TN 1 Duck Tennessee porphyriticus-05 (1) porphyriticus-05 (2)
29 G. porphyriticus Pauley Cave (TDK95) DeKalb TN 2 Caney Fork Cumberland porphyriticus-08 (1), 

porphyriticus-09 (1)
porphyriticus-10 (4)
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30 G. porphyriticus Gar Island Cave (TDK90) DeKalb TN 3 Caney Fork Cumberland porphyriticus-10 (2), 
porphyriticus-11 (1)

porphyriticus-05 (2), 
porphyriticus-10 (4)

31 G. porphyriticus West Cemetery Cave (TPU418) Putnam TN 3 Caney Fork Cumberland porphyriticus-13 (2), 
porphyriticus-14 (1)

porphyriticus-08 (1), 
porphyriticus-10 (5)

32 G. porphyriticus Marcus Cave (TPI76) Pickett TN 3 Obey Cumberland porphyriticus-01 (2), 
porphyriticus-17 (1)

porphyriticus-06 (1), 
porphyriticus-08 (4), 
porphyriticus-09 (1)

33 G. porphyriticus Mark Us Cave (TPI77) Pickett TN 3 Obey Cumberland porphyriticus-01 (3) porphyriticus-01 (1), 
porphyriticus-07 (1), 
porphyriticus-08 (4)

34 G. porphyriticus Ringing Rock River Cave (TPI84) Pickett TN 1 Obey Cumberland porphyriticus-12 (1) porphyriticus-08 (2)
35 G. porphyriticus Short Mountain† Cannon TN 2 Collins/Stones Cumberland porphyriticus-15 (2) porphyriticus-05 (2), 

porphyriticus-09 (2)
36 G. porphyriticus Spencer Rock Cave (TCD11) Cumberland TN 2 Obed Tennessee porphyriticus-16 (2) porphyriticus-01 (1), 

porphyriticus-04 (1), 
porphyriticus-11 (2) 

37 G. porphyriticus Cruze Cave (TKN24) Knox TN 8 Upper Tennessee Tennessee porphyriticus-02 (7), 
porphyriticus-03 (1)

porphyriticus-01 (16)

38 G. porphyriticus Anderson Spring Cave (GWK46) Walker GA 5 Lower Tennessee Tennessee porphyriticus-06 (5) porphyriticus-01 (10)
39 G. porphyriticus Hurricane Cave (GDD62) Dade GA 2 Lower Tennessee Tennessee porphyriticus-07 (2) porphyriticus-01 (2), 

porphyriticus-02 (2)
40 G. porphyriticus Pigeon Cave (GWK57) Walker GA 4 Lower Tennessee Tennessee porphyriticus-06 (4) porphyriticus-01 (7), 

porphyriticus-05 (1)
41 G. porphyriticus Pocket Branch Walker GA 3 Lower Tennessee Tennessee porphyriticus-06 (3) porphyriticus-01 (5), 

porphyriticus-05 (1)
42 G. porphyriticus Cosby Creek, GSMNP Cocke TN 1 Pigeon Tennessee porphyriticus-18 (1) porphyriticus-01 (2)
43 G. porphyriticus South Mountains Burke NC 1 Catawba Catawba porphyriticus-04 (1) porphyriticus-03 (2)

Locality information and mtDNA haplotype for population 43 correspond to GenBank Accession no. NC_006341 used in Mueller et al. (2004). The RAG-1 haplotype from North Carolina 
is GenBank Accession no. AY691710 used in Chippindale et al. (2004).
*Cave number designated by the Tennessee Cave Survey, Alabama Cave Survey, or Georgia Speleological Survey.
†Two individuals were collected < 1 km apart on Short Mountain on each side of the Collins/Stones River drainage divide.

Population Species Locality (cave no.)* County State n Watershed Major drainage mtDNA haplotype RAG-1 haplotype

Table 1 Continued
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ratio, proportion of invariable sites, and among-site rate
heterogeneity to vary across the data sets during analysis.
Random trees were used to begin each Markov chain and
a molecular clock was not enforced. The first 1.5 million
generations were discarded as ‘burn-in’ to ensure station-
arity after examination of the posterior probability. Bayesian
analysis on the RAG-1 data set was performed using the
same configuration but with nst = 6 and rates = propinv.
The first 1.5 million generations were discarded as ‘burn-
in’. Samples from the stationary distribution of trees were
used to generate 50% majority-rule consensus trees for
each locus.

Divergence times. To estimate the timescale of diversifica-
tion, we used two different divergence rates on the mtDNA
data set. The general vertebrate molecular clock of 2%
uncorrected sequence divergence per million years was
employed as the highest rate estimate and a general
poikilotherm molecular clock of 0.5% uncorrected sequence
divergence per million years was employed as the lowest
rate estimate (Avise et al. 1998). Lack of Gyrinophilus fossils
precludes internally calibrated estimates of divergence
times. In addition, more advanced approaches to divergence
time estimation are not warranted given our result of
widespread genealogical discordance. Divergence time
estimates are intended only to give a general idea of the
timescale of diversification in Tennessee cave salamanders;
as with all such molecular clock estimates, they should be
interpreted cautiously.

Estimating species trees. To evaluate monophyly of the
Tennessee cave salamander complex, we used three methods
of estimating species trees from gene trees (Maddison &
Knowles 2006; Knowles & Carsten 2007). The methods of
minimizing deep coalescents (Maddison 1997) and grouping
based on shallowest divergence (Takahata 1989) assume
zero gene flow such that the most recent common ancestors
of alleles found in different taxa must predate the diver-
gence of those taxa. The method of clustering based on
average patristic distances (Knowles & Carstens 2007) only
assumes that gene flow has not degraded the expected
correlation between average relatedness of individuals
between populations and the population divergence time.
These methods are implemented and thoroughly explained
in the program mesquite (Maddison & Maddison 2006).

Allopatric speciation vs. divergence with gene flow

To address the alternative predictions of the allopatric
climate-relict model of speciation vs. the adaptive-shift
model, which allows divergence with gene flow (Rice &
Hostert 1993), we used recently developed methods for
estimating levels of gene flow in a general model of
population divergence, the isolation with migration (IM)

model (Wakeley & Hey 1998; Nielsen & Wakeley 2001; Hey
& Nielsen 2004). After separation from an ancestral popu-
lation, the IM model includes gene flow with rates m1 and
m2 for gene flow into populations 1 and 2, respectively.
The IM model includes complete isolation (allopatry) as
a special case where m1 = m2 = 0. Complete isolation vs.
divergence with gene flow can be compared by fitting the
IM model to data and estimating the posterior probability
that gene flow has been zero since the time of population
splitting (Hey & Nielsen 2004; Won & Hey 2005). We used
the program im (Hey & Nielsen 2004) to estimate scaled
effective population sizes, migration rates, and divergence
times for pairwise comparisons of the four taxa (total of six
comparisons) using the full data set including mtDNA and
RAG-1. im is specifically designed to address nonequil-
ibrium scenarios where haplotype sharing and genealogical
discordance may result from retention of ancestral poly-
morphism in recently diverged lineages in addition to
potential ongoing gene flow. In cases of very recent
divergence, isolation and gene flow may be difficult to
distinguish. In such cases, very flat posterior distributions
are expected and the proper interpretation would be that
the results are inconclusive.

After preliminary runs to determine appropriate priors
for subsequent runs and verify convergence of independent
runs, a final run was conducted for each pairwise com-
parison for a minimum of 9 million generations post
burn-in (1 million generations) or until minimum effective
sample sizes were over 50 (Hey 2005). Each run included
four Metropolis-coupled Markov chains, a linear-heating
scheme with the first heating parameter set to 0.05, and a
maximum of 10 multiple chain-swapping attempts.

To view the history of gene flow in more detail, we
recorded the number and time of migration events for each
locus over the course of each simulation (Won & Hey 2005).
Inspecting the posterior distribution of migration times
allows a qualitative evaluation of two alternative gene
flow scenarios: secondary contact and hybridization vs.
continuous divergence with gene flow. A high concentration
of migration events near the present is consistent with
secondary contact and renewed gene flow after a period of
allopatric divergence, while a broad distribution of migration
times when the Markov chain is sampling from its stationary
distribution is consistent with continuous or recurrent
gene flow since the time of population splitting. As an
additional comparison between continuous gene flow vs.
secondary contact, we compared the distribution of dis-
cordant nodes in each gene tree to null distributions as
follows. First, nodes where ranked according to their
cladistic distances from the tips following Barraclough &
Vogler (2000). The interspecific gene exchange ‘events’ were
mapped onto the gene trees following Slatkin & Maddison
(1989) and Maddison & Maddison (2006), and a node was
declared discordant if an exchange was mapped to a



D I V E R G E N C E  W I T H  G E N E  F L O W  I N  C AV E  S A L A M A N D E R S 2265

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

branch arising from it. The ranks of discordant and con-
cordant nodes were compared with the Mann–Whitney
U-test and P values checked by randomization. Under a
secondary contact scenario, we expect discordant nodes
to be more concentrated toward the tips of the gene trees
relative to the randomized distributions.

Although the IM model formally assumes that each popu-
lation is panmictic, some forms of population structure cause
little more than a rescaling of the coalescent process for the
metapopulation as a whole (Wakeley 2000, 2004; Nordborg
2001; Wakeley & Aliacar 2001; Lessard & Wakeley 2004).
Thus, the IM model probably remains a good approximation
(with rescaled parameters) for samples from metapopulation
structures resembling the island model or stepping-stone
model (particularly when sample sizes for each deme are
small), but may suffer substantial distortion under strongly
hierarchical population structures where coalescence is
more likely within certain clusters of demes (Nordborg 2001;
Wakeley & Aliacar 2001). While the IM model is probably
robust to population structure with regard to distinguishing
gene flow and isolation, estimates of effective population
sizes and divergence time will be distorted in unpredictable
ways (Whitlock & Barton 1997; Wakeley 2000); therefore,
we make no attempt to convert the scaled estimates of
population size and time to units of real individuals and
years, respectively.

Tests of assumptions. The IM model assumes that there has
been no recombination or gene conversion during the
genealogical history of a single locus and that the variation
in the sample is neutral. We tested for recombination in
both the mtDNA and RAG-1 data sets using the DSS method
implemented in topali (Milne et al. 2004) using a window
size of 100 and step size of 2. We used the Hudson–
Kreitman–Aguade (HKA) test (Hudson et al. 1987) to test
for deviation from neutrality. This test evaluates the null
hypothesis that patterns of polymorphism and divergence
in two genes have been shaped by mutation and drift
alone. HKA tests were conducted with 10 000 simulations
using the computer program hka (Jody Hey, Rutgers
University). Deviations between observed and expected
levels of divergence between each pairwise comparison
of taxa in IM were summed across the two loci and the
probability from the chi-square distribution was calculated.

To test whether genetic population structure is best
described as isolation by distance or as hierarchical sub-
division, we used distance-based redundancy analysis
(dbRDA, Legendre & Anderson 1999; McArdle & Anderson
2001; Geffen et al. 2004) to investigate the joint effects of
distance and watershed boundaries on genetic structure in
the epigean G. pophyriticus and subterranean G. p. necturoides.
This analysis was not relevant to the other two cave taxa
because they were confined to single drainages (Table 1).
dbRDA has been used as an alternative to partial Mantel

tests, which are inadequate because the P values are not
always indicative of the true type I error rates (Raufaste &
Rousset 2001; see also Castellano & Balletto 2002; Rousset
2002). We used the program distlm (Anderson 2004) to
perform dbRDA using a second-order polynomial function
of latitude and longitude as our distance variable set
(Borcard et al. 1992). First, the relationship between the
DNA distance matrices and the distance variable set was
analysed alone using dbRDA with P values estimated
from 9999 permutations of the distance matrix. Then a set
of dummy variables indicating the watershed containing
each site was analysed as a predictor variable set with
the distance variable set fitted as covariates. We used
9999 permutations of the residual distance matrix to
estimate P values. Two alternative watershed variable
sets were analysed (Table 1), one was a ‘major drainage’ set
(Tennessee and Cumberland; the single Catawba sample
was not included in the analyses), and the other was a
‘watershed’ set including finer scale drainage subdivisions
(Table 1).

Results

Gene trees

mtDNA. The 12S rDNA and cyt b data sets resulted in
nearly identical topologies and the combined mtDNA data
set of 1641 bp was used to estimate a final gene tree.
GenBank Accession numbers for unique haplotypes can be
found online (Table S1, Supplementary material). Absence
of premature stop codons in cyt b, strong bias against
guanine on the light strand, and high transition to tran-
sversion substitution ratios indicate that amplified sequences
were of mitochondrial origin, not nuclear pseudogenes
(Zhang & Hewitt 1996). Maximum-likelihood analysis
resulted in a single tree of –ln L 5486.55. Details of the ML
model of evolution are available online (Table S2, Suppl-
ementary material). Bayesian analysis produced a posterior
distribution with a mean –ln L of 5639.69 (SD = 0.19). MP, ML,
and Bayesian analyses resulted in nearly identical topologies.
All mtDNA haplotypes from the Tennessee cave salamander
complex were nested within the gene tree of G. porphyriticus
haplotypes (Fig. 2). No mtDNA haplotypes were shared
between named taxa, but genealogical discordance was
common and divergence among haplotypes was shallow
(Fig. 2). The ML tree, given the backbone constraint of
monophyly of alleles within Gyrinophilus palleucus and
G. gulolineatus, was rejected by the Shimodaira–Hasegawa
test (log-likelihood ratio = 238.3, P < 0.001).

RAG-1. ML analysis of the 521 bp data set resulted in a single
tree of –ln L 973.75. Bayesian analysis produced a posterior
distribution with a mean –ln L of 1011.20 (SD = 0.17). MP,
ML, and Bayesian analyses resulted in nearly identical
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Fig. 2 Maximum-likelihood phylogram of the 1641 bp mtDNA data set (12S rDNA + cyt b). Numbers above branches indicate the posterior
probability of a clade. Numbers below branches represent bootstrap support for clades resolved in maximum parsimony analysis. Shading
represents a priori taxonomic designations: light grey, G. palleucus (G. p. palleucus + G. p. necturoides); medium grey, G. porphyriticus; and dark
grey, G. gulolineatus. Numbers in parentheses at the tips indicate population localities as in Table 1 in which the haplotype occurred.
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topologies. Details of the ML model of evolution are
available online (Table S2). The monophyly of Gyrinophilus
with respect to outgroup haplotypes (Pseudotriton ruber and
Stereochilus marginatus) is supported (PP = 0.95, BP = 100%);

however, the order of branching relationships within
Gyrinophilus could not be elucidated with statistical support
because of the limited variation within RAG-1 (Figs 3
and 4). For the most part, populations possessed haplotypes

Fig. 3 Maximum-likelihood phylogram of the 521 bp RAG-1 data set. Numbers above branches indicate the posterior probability of a clade.
Numbers below branches represent bootstrap support for clades resolved in maximum parsimony analysis. Shading represents discordant
haplotypes: light grey, G. palleucus (G. p. palleucus + G. p. necturoides); medium grey, G. porphyriticus; and dark grey, G. gulolineatus. Numbers
in parentheses at the tips indicate population localities as in Table 1 in which the haplotype occurred.

Fig. 4 Unrooted RAG-1 statistical parsimony
network. Area of circles is proportional to
the number of individuals with that
haplotype. Text inside circles corresponds
to haplotype number in Table 1 and Fig. 3.
Black squares represent unsampled or extinct
haplotypes.
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corresponding to a priori taxonomic designations. Popu-
lations of G. p. palleucus (populations 1–6) all possessed
the same haplotype (palleucus-06) and populations of
G. gulolineatus (populations 23–27) possessed haplotype
gulolineatus-02. Moreover, the majority of G. p. necturoides
and necturoides-like samples including individuals with diver-
gent mtDNA haplotypes possessed haplotype palleucus-02
(populations 9–20). One haplotype was shared among
all three species and three other haplotypes were shared
between at least two species (Figs 3 and 4). Monophyly of
alleles within G. palleucus and G. gulolineatus was rejected
by the Shimodaira–Hasegawa test (log likelihood ratio =
47.3, P = 0.022). In addition, the RAG-1 and mtDNA gene
trees were significantly different according to the partition-
homogeneity test (1000 replicates, P < 0.001).

What is the species tree? With the extremely shallow diver-
gence and widespread haplotype sharing evident in our
data, a bifurcating species tree could not be resolved
unequivocally. Maddison’s (1997) approach of choosing
the species tree that minimizes the number of deep coale-
scents in the gene trees supported a sister relationship
between G. palleucus and the epigean G. porphyriticus,
implying an earlier, independent origin of the Berry Cave
salamander (G. gulolineatus). Takahata’s (1989) shallowest
divergence consistency criterion also favours a slightly
more recent split between G. palleucus and G. porphyriticus.
These methods allow for the expectation that recently
derived species are genealogically nested within ancestral
or sister species gene trees (Takahata 1989; Maddison
1997; Hudson & Coyne 2002). However, they are limited
by assuming that genealogical discordance is due solely to
incomplete lineage sorting and not gene flow. In contrast,
grouping by average sequence divergence, patristic distance,
or ΦST between taxa (Knowles & Carstens 2007) favours
monophyly of the Tennessee cave salamander complex:
on average, G. p. palleucus is most similar to G. p. necturoides
and G. gulolineatus is more similar to G. palleucus than
to the average G. porphyriticus. The latter method fails to
appreciate the possibility that the cave-dwelling forms
arose independently from the same regional stock, and
therefore drew their ancestral haplotypes from a similar
nonrandom subset of G. porphyriticus gene lineages.

Divergence times. Using sequence divergence between
G. palleucus mtDNA haplotypes and their nearest G. porp-
hyriticus mtDNA haplotypes (after Takahata & Nei 1985),
divergence time estimates range from 61 000 to 2.6 million
years ago (Pleistocene to mid-Pliocene). This approach
gives a range of 244 000 to 2.3 million years ago for the
origin of the Berry Cave salamander (G. gulolineatus).
These ranges are broad, reflecting uncertainty in both the
molecular clock and the relationship between gene tree
and species tree.

Allopatric speciation vs. divergence with gene flow

The apparent recent origin of the Tennessee cave salamander
complex and lack of phylogenetic resolution indicate that
a population genetic analysis is the appropriate approach
to study the origin of subterranean Gyrinophilus. Thus, the
remainder of this study focuses on results of fitting the IM
model to the data.

Tests of assumptions. Significant recombination was not
detected in either mtDNA or RAG-1 data sets using the
DSS method as implemented in the program topali. All
hka tests for neutrality for each pairwise comparison
were not significant. The test with the largest chi-square
value (1.6448) and lowest P value (P = 0.4394) was between
G. porphyriticus and G. gulolineatus. Thus, the assumptions
of no recombination and no selection were not rejected.

With regard to population structure, all nominal taxa
were genetically differentiated (Table 2), supporting treat-
ment of G. p. necturoides and G. p. palleucus as separate
units. Genetic structure was evident within G. porphyriticus
and G. p. necturoides (Table 2). To explicitly test for an
effect of watershed or drainage structure over and above
the effect of distance, we performed dbRDA on G. p. nec-
turoides and G. porphyriticus. When spatial variation was
taken into account by treating the second-order poly-
nomial function of latitude and longitude as covariables,
no association between mtDNA variation and major drain-
age was detected (Table 3). A weak relationship between
genetic variation and finer scale watershed subdivisions
was detected for G. porphyriticus. Little genetic variation
exists for RAG-1 within the named taxa and no association
between RAG-1 variation and geographical distance and
RAG-1 variation and finer scale watershed subdivisions
was detected. However, a significant relationship between
RAG-1 variation and major drainage was detected for
G. porphyriticus.

IM analyses. Given the above results, we considered
pairwise comparisons among each of the four described
taxa (G. porphyriticus, G. gulolineatus, G. p. palleucus, and
G. p. necturoides). In so doing, we follow previous authors
(e.g. Machado et al. 2002; Hey & Nielsen 2004; Hey 2005;
Won & Hey 2005) in accepting slight departures from the
strict IM model, and our results must be interpreted with
these departures in mind. First, the IM model only considers
pairs of populations. Analysing multiple pairs is tantamount
to assuming that genealogical relationships in each com-
parison are unaffected by the existence of other populations;
high rates of gene flow and dramatic changes in population
size would be inconsistent with this assumption. Second,
the IM model assumes that each population is panmictic.
Significant structure within a population distorts the
distribution of coalescent times. As a consequence, estimates
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of effective population size and divergence time will also
be distorted (Wakeley 2000), and we refrain from presenting
or making inferences based on such estimates here.
Nevertheless, we assume that the posterior probability
of zero gene flow remains a valid test of isolation vs.
divergence with gene flow (Machado et al. 2002; Hey &
Nielsen 2004; Hey 2005; Won & Hey 2005).

Our results clearly reject the simple isolation model
(m1 = m2 = 0). The posterior probability of zero migration
between spring salamanders and Tennessee cave salaman-
ders was vanishingly small (Fig. 5A–C). Rather, nonzero
gene flow between diverging populations was strongly
supported in all comparisons. Estimates of migration rates
between taxa indicate asymmetric gene flow. Nonzero
gene flow was detected from the epigean G. porphyriticus
into the subterranean G. p. palleucus and G. gulolineatus
(Fig. 5A, C). However, nonzero gene flow in the opposite
direction (from the subterranean to the surface form) was
indicated between G. p. necturoides and G. porphyriticus
(Fig. 5B). Posterior distributions indicating gene flow for
comparisons among taxa within the Tennessee cave sala-
mander complex have lower resolution as the curves
are broad and have higher probabilities at the low limit
of resolution (Fig. 5D–F). These results suggest that gene
flow between cave-dwelling and surface populations may
be greater than gene flow among the three cave-dwelling
forms.

Given an inference of nonzero gene flow, an important
question is whether that signature results from secondary
contact and admixture after a long period of isolation or
whether gene flow has been more continuous between the
diverging forms. Following Won & Hey (2005), we took an
informal approach to this question by recording the timing
of simulated migration events in each genealogy sampled
by the MCMC algorithm. Reconstructed migration events
for comparisons involving G. porphyriticus (Fig. 6) for
each locus were broadly distributed across time, consistent
with continuous or recurrent contact and gene flow between
G. porphyriticus and the subterranean forms. If nonzero
gene flow was due to recent secondary contact, we would
expect a greater concentration of migration near the present
in Fig. 6. Our analysis of the distribution of discordant
nodes also supports continuous gene flow over secondary
contact. Mann–Whitney U-tests failed to reject random
distributions of discordant nodes (for mtDNA W = 81.5,
P = 0.38; for RAG-1 W = 44.5, P = 0.99). In fact, the trend
was for gene exchange events (discordant nodes) to be less
concentrated toward the tips than expected by chance
(observed distributions of discordant nodes were less
concentrated toward the tips than 82% of randomized
distributions for the mtDNA gene tree and 54% for the
RAG-1 gene tree). Secondary contact after allopatric diver-
gence would tend to result in discordant nodes concentrated
toward the tips of gene trees.Ta
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Discussion

The transition from epigean to subterranean habitat presents
an opportunity for ecological speciation, where divergent
selection in alternative habitats leads to evolution of
reproductively isolated populations with distinct ecological
traits (Schluter 2000). If selection is strong, ecological spe-
ciation can proceed without geographical isolation (Rice &
Hostert 1993; Schluter 2000; Gavrilets 2003). However,
most biospeleologists have followed epigean biologists
in favouring allopatric speciation as the primary process
in the origin of cave specialists (e.g. Barr & Holsinger
1985). Because subterranean and epigean habitats are

often inherently parapatric, allopatric speciation scenarios
propose local extinction of epigean populations and isolation
of subterranean populations because of climate change
creating inhospitable surface conditions. The alternative
scenario posits an adaptive shift of subterranean populations
in the face of ongoing gene flow with epigean populations
(Howarth 1973, 1981). Whether nonallopatric speciation is
sympatric or parapatric depends on the initial magnitude
of gene flow between habitats (e.g. Gavrilets 2003; Coyne &
Orr 2004); either case falls under the more general concept
of divergence with gene flow (Rice & Hostert 1993).

Divergence with gene flow has been inferred to explain
the origin of some terrestrial troglobites in the tropics (Rivera

Table 3 Tests for relationships between genetic variation of Gyrinophilus populations and the predictor variables distance, major
hydrological drainage, and hydrological watershed, using the dbRDA multivariate F-statistic in the distlm program. On the left are the
results of marginal tests for the distance variable set where a second-order polynomial function of latitude and longitude was fitted. The
other two columns show the results of conditional tests evaluating watershed connections as predictors of genetic variation with
the distance variable set included as covariables in each analysis. The column ‘%var’ indicates the percentage of the multivariate
mtDNA variation explained by the predictor variable. P values less than 0.05 are indicated in bold

Taxon

Distance Major drainage Watershed

F P %var F P %var F P %var

mtDNA
G. p. necturoides 11.835 0.0001 89.42 1.738 0.2264 2.38 1.267 0.4058 5.15
G. porphyriticus 5.438 0.0004 77.27 0.546 0.6481 1.64 4.174 0.0340 19.88

RAG-1
G. p. necturoides 1.138 0.4511 44.81 0.515 0.5069 4.37 1.386 0.3959 28.13
G. porphyriticus 1.680 0.1723 51.22 9.354 0.0022 27.90 2.865 0.0867 40.34

Fig. 5 Posterior distributions of scaled
migration rate (m1 and m2) estimates for
each pairwise comparison among the nomin-
ate taxa from the im program. The x-axes
are rates of migration per gene copy per
mutation event; y-axes are marginal posterior
probabilities. Posterior distributions shown
in red are for migration from the taxon
displayed in red font and distributions
shown in blue are for migration from the
taxon displayed in blue font. The top row
shows gene flow between the surface
dwelling G. porphyriticus and the subter-
ranean G. p. palleucus (A), G. p. necturoides
(B), and G. gulolineatus (C). (D), (E), and (F)
show gene flow between pairs of subter-
ranean taxa.
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et al. 2002; Schilthuizen et al. 2005). Cases from temperate
regions involving aquatic organisms are unknown, although
the Mexican cavefish, Astyanax (Strecker et al. 2003), and
the temperate amphipod, Gammarus (Culver et al. 1995),
may be cases of divergence with gene flow speciation
in progress. Other aquatic subterranean groups in the
Appalachian Valley and Interior Plateaus of North America,
such as Orconectes crayfish (Buhay & Crandall 2005), appear
to be more ancient and only distantly related to their nearest
epigean ancestors. The ecogeographical context of the
origins of such taxa is probably beyond the resolving power
of neontological data.

Present-day distributions of Gyrinophilus porphyriticus
and the Tennessee cave salamander complex are parapatric
(Fig. 1). The published distributions of the Berry Cave
salamander and G. porphyriticus overlap; however, the two
species rarely occur in close proximity (Miller & Niemiller
2008). Based on these distributions, Brandon (1971) pos-
tulated that the subterranean species evolved from an
epigean, metamorphosing ancestor similar to present-day
G. porphyriticus during the Pleistocene as climatic conditions
forced surface populations at the periphery of the species’
range underground, thus isolating and facilitating speci-
ation and evolution of troglomorphic characters as predicted

by the allopatric, climate-relict model. mtDNA and RAG-1
genealogies support the hypothesis that all three subterranean
forms are recently derived from G. porphyriticus (Figs 2–4).
However, the distribution of polymorphism and divergence
in these groups favours divergence with gene flow over
allopatric speciation. Posterior distributions of migration
rates reject a pure isolation model because the estimated
posterior probability of isolation (m = 0) between cave and
surface lineages is near zero (Fig. 5).

In general, divergence with gene flow can be facilitated
by a number of factors including assortative mating, selec-
tion against hybrids, or habitat isolation as subterranean
populations became more specialized and spread deeper
underground (Rivera et al. 2002; Coyne & Orr 2004). In
Gyrinophilus, availability of breeding habitat may be a
primary ecological advantage of subterranean colonization.
However, permanent residence underground also presents
a distinct set of ecological challenges. Survival in caves
requires special sensory, metabolic, and life-history adap-
tations for efficient foraging and resource use (Romero &
Green 2005). These adaptations may be particularly likely to
entail trade-offs; and trade-offs are necessary for ecological
speciation in the face of gene flow (Schluter 2000; Coyne &
Orr 2004).

Fig. 6 Distributions of migration events
(Won & Hey 2005) for each pairwise
comparison among the nominate taxa
(G. p. palleucus, G. p. necturoides, G. gulolineatus,
and G. porphyriticus) from the im program,
summed across loci. The x-axes are time (in
number of generations ago) multiplied by
the effective neutral mutation rate. The
y-axes are the weighted averages of the
individual locus outputs where the weight
is by the total number of migration events
from the MCMC at stationarity for a locus.
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Tennessee cave salamanders show several cave-associated
traits not shared by spring salamanders. These include
reduced eyes, expanded lateral line systems, and elimina-
tion of the terrestrial life-history stage. Reduced eyes
may be a correlated response to selection favouring hyper-
trophy of other sensory systems (Culver et al. 1995; Borowsky
& Wilkens 2002; Jeffery 2005; Protas et al. 2007). Paedomor-
phosis and a permanently aquatic life cycle in subterranean
salamanders is probably adaptive in taking advantage
of aquatic resources, while metamorphosis is favoured
in the small surface streams inhabited by epigean Gyri-
nophilus (Wilbur & Collins 1973; Whiteman 1994). In other
salamanders, paedomorphosis is prevalent in areas
where terrestrial habitats are particularly inhospitable
(Shaffer & Voss 1996; Chippindale et al. 2000; Bonett &
Chippindale 2006).

Paedomorphosis may contribute to premating isolation;
paedomorphs must court and mate underwater while
metamorphosed Gyrinophilus may court and mate under-
water or on land, although only the latter has been observed
(Beachy 1997). Courtship and breeding have never been
observed for paedomorphic Gyrinophilus. However, instances
of successful breeding between paedomorphs and meta-
morphs exist for other salamander species (Semlitsch &
Wilbur 1989; Krenz & Sever 1995; Whiteman et al. 1999;
Denöel et al. 2001). Bonett & Chippindale (2006) suggest
that paedomorphosis in plethodontid salamanders may
affect mate recognition. The majority of metamorphosing
plethodontids exhibit terrestrial courtship where phe-
romones play an intricate role. Reproductive isolation
between paedomorphs and metamorphs may occur readily
in plethodontids if paedomorphs do not develop the same
pheromones as metamorphs (Bonett & Chippindale
2006).

Temperate cave faunas have often been viewed as
isolated and relictual, with troglomorphic traits evolving
slowly via ‘regressive’ evolution (Romero & Green 2005).
However, several examples illustrate rapid, adaptive
divergence of cave populations from epigean ancestors
(Chakraborty & Nei 1974; Wilkens & Hüppop 1986;
Culver et al. 1995). Here, we present evidence from mito-
chondrial and nuclear gene genealogies consistent with
recent divergence with gene flow of Tennessee cave
salamanders from surface-dwelling G. porphyriticus. The
origin of subterranean species takes place in a simple
ecological context where strong natural selection may
promote local adaptation and ecological speciation,
even in the face of extensive gene flow. With growing
acceptance of divergence with gene flow speciation among
zoologists (Coyne & Orr 2004), increasing volumes of
DNA data, and development of statistical tools like
the IM model (Hey & Nielsen 2004), we expect discovery
of more examples of divergence with gene flow in
cave-adapted animals.
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