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Introduction
Molecular data suggest that the earliest phyloger.retic split
within the Salamandridae separated the 'true' salamanders
(genera Chioglossa. Mertensiella, and Salarnantlra) from the
newts (genera Cvnops, Echinotriton. Euprot'tus. Neurergus.
Notophthalmus, Po(hrtritott. Paranrcsotriton, Pleurodeles, Sal-
antttndrina, Taricha. Triturus and Trlototriton; Titus and Lar-
son 1995). Morphological adaptations to terrestrial lile are
characteristic of the 'true' salamanders and are exemplified by
the lunctional morphology ol the feeding apparatus (özeti and
Wake 1969, Wake 1982; Miller and Larsen 1990). cloacal anat-
omy (Wahlert 1953; Sever 1992). reproductive biology
(Tarkhnishvili 1994) and a specialized courtship behaviour
(Salthe 1967).

Geographically" the three genera ol'true' salamanders are
restricted to the region around the Mediterranean Sea. The
monotypic genus Chioglosrd occurs only on the lberian Penin-
sula. Two species are described lbr the genus trIertensiella'. Mer-
tensiella caucasica from the Caucasus Mountains, and Mir-
tensiella luschani frorn the coastal mountain ridges of Lycia in
southern Asia Minor and some Greek islands (e.g. Karpathos).
Six species are regarded as valid in the genus Srilunruntlra
(recently reviewed by Veith 1994): Salunrundra ulrtiru (Northern
Africa), Sulcunandra cor.ricc (Corsica). Srtlunnndra infrainr-
ntaculatu (Asia Minor and Near East) and Saluncudru .yula-
ttranclra (from the Iberian Peninsula to Greece. includin-e large
parts ofcentral and north-eastern Europe) are regarded as the
distinct species group ol'fire salamanders'. They are dis-
tinguished lron-r the 'Alpine salamanders'. Sulumotklru utrü
(almost the rvhole Alpine ridge including an isolated population
in the Dinarian Alps ol Serbia and Albania) untl Suluntuttdru
1an:ai (Monviso MassiL ltalian Alps) by coloration and repro-
duciife strategy. The Alpine salamanclers ale n.relanistic (uith
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the exception of Salanrundra atra ourorae lrom Bosco del
Dosso. Alps, which shows differing degrees of yellowish pig-
mentation on the cover ol head and trunk) and show matro-
trophic viviparity (sensr Blackburn 1 995). Substantial provision
ol extra-vitelline nutrients allow lemales to give birth to fully
developed juveniles. In fire salamanders, which are black with
yellow dots or stripes, lemales mainly give birth to larvae due
to a provision ol nutrients via the yolk (lecitotrophic viviparity).

Shared derived traits characterize taxa as members ol mo-
nophyletic entities, originating from a common ancestor (Hennig
1950). This is the mqor principle of cladistic analysis. Horvever.
it is olten difficult to decide whether a morphological character
is synapomorphic. One criterion may be uniqueness among al1

members ol a higher taxon (outgroup comparison; see Mayr
and Ashlock 1991). This holds for a classical herpetological
example ol a synapomorphic trait that characterizes the two
species of the genus Mertensiellu (Salamandridae). Males ol
both species possess cutaneous papillae projecting dorsally over
the base of the tail (henceforth 'tail projection') which they use

lor lemale stirnulation and courtship synchronization (Schult-
schik 1994). No such organ is lound in any other species ol the
Urodela and a similar projection is mentioned only lor the
plethodontid salamander Eurvceu multiplicata (Noble 1931).
Therefbre, Merten.siellu has been accepted as a monophyletic

-qenus, although morphological similarities ol both M er ten.siella
species to other species ol the Salamandridae are evident (see

belou').
Based on l0l0 molecular char:rcters (DNA sequences ol the

mitochondrial ,eenes l65. l25 and Val-tRNA genes) Titus alrd
Larson ( 1995) questioned the rnonophyly ol Mertensiella. Their
most parsimonious tree placed M. lusc'huni as a sister taxdn ol
the *senus Suluntuntira (represented by S. aazl), whereas M.
tttttttt.sittr was su-ugested to be the sister taxon of Cltiocllo.s.;a
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lusitctnica. However, they also obtained a tree that supported
monophyly ol the genus Mertensiellcr, which was not sig-

nificantll longer than the most parsimonious one.

Within the genus Salcunundra. a second case ol monophyly is

questioned. Two presumably independent characters. melanism
and intra-uterine completion of larval development. are typical
for S. atraand S. lanzai. Olivieri (1991) studied allozyme poly-
morphisms olnumerous populations ol Sctlcunandra. including
S. atra and S. lan:ai. From her phenetic analysis she concluded
that S. lan:ai and S. r'orsra are sister taxa. thus contradicting
the hypothesis ol monophyly of the two Alpine species (see

Grossenbacher 1994). However. Joger and Steinlartz (199,{)

perlormed a cladistic re-anal1'sis ol Olivieri's (1991) data and
derived a tree rvith S. atru and S. lan:ai lorming a clade. Finally.
Veith (1996) used a maximum parsimony approach to show
that Olivieri's ( 1 991 ) data are insufficient in deciding this contro-
versy.

In the present paper we provide new data that will contribute
to both debates of monophyly within 'true' salamanders using
165 mtDNA sequences as well as additional published and
unpublished morphological and molecular data. In contrast to
previous authors we use a complete set ol'true' salamander
species. Based on the systematic relationships ol 'true' sala-

manders we investigate h-vpotheses about historic vicariance
events and the evolution of adaptations ol reproduction to
terrestrial lile.

Material and methods
Specimens examined

DNA sequences of the mitochondrial l65 RNA gene were obtained
lrom samples of Chioglossa lusitanica (two specimens lrom Portugal),
,\,Ierrensiellu ccutcasica Waga. 1876 (two specimens. Caucasus Moun-
tains. Georgia). M . luscltani Steindachner, l89l (two specimens, Anta-
iya. Tnrkey), Salantandra algira Bedriagar. 1883 (one specimen. Algeria).
S. atra uuroraeTrevisan. Pederzoli-Trevisan and Callegarini. 1982 (one

specimen, Bosco del Dosso. Italy), S. atra atra Laurenti. 1768 (one

specimen. Austria), S. corsita Savi, 1838 (two specimens. Corsica.
France). S. inJi'uimntaculala Martens. 1885 (five specimens, Tel Dan
and Mt. Meron, Israel), S. lun:ai Nascetti. Andreone, Capula and

Bnllini. 1988 (one specimen. Monviso Massii ltaly) and S. salumattclra

Linnaeus, 1758 (five specimens, Paikon Mts., Greece). The salamirndrid
species Salamandrina tedigitata Lacepdde. 1788 (one specimen. Italy),
Cynops orientahs David. 1871 (one specimen, China) and Neu'ergus
strauchii Steindachner. 1887 (one specimen. Turkey) were included for
outgroup comparison.

Amplification and sequencing

DNA was extracted either lrom blood using the Qiagen extraction kit,
or from liver or muscle using standard phenol extraction techniques.
Using the versatile pnmers 165,4' (light chain) and l658 (heavy chain)
(Palumbi et al. 1991), we amplified a piece ol about 630 base pairs
(bp) via the polymerase chain reactiot.r (PCR). The PCR technique of
Gyllensten and Ehrlich (1988) rvas used to produce single-sttanded
DNA (asymmetric PCR rvith l65B as the limiting primer). Single-
stranded PCR products were purified in Millipore 30000 MW spin

columns. We sequenced up to 423 bp per specimen according to the

sequencing protocol of Kocher et al. (1989). This segment is ho-

moiogous to bp positions 4106-+538 ol lhe Xenopus mitochondnal ge-

nome (Roe et al. i985). Sequences rvill be available in GenBank.

Sequence analysis

Sequences were aligned using CLUSTAL W (Higgins and Sharp 199,1).

Alignments rvere subsequently adjusted manually by taking secondary

structural models (Orti et al. 1996) into consideration.
Maximum parsimony (N,lP) trees were calculated under three models

of character substitution: Jukes and Cantor's (1969) one parameter
model. K.imura's (1980) two-parameter modei. and a specific TS:TV
rveighting model for conserved (1.7: l) and variable (1.3: l) regions
according to their intrinsic. overall pairwise TS: TV ratios (data not
shorvn). We regarded those parls olthe gene as conserved that shorved
no or only minor sequence difference rvhen aligned to the.lenoprrs l65
sequence (Roe et al. 1985). thus allorving us to detect regions that are

er.'olutionarily constrained. Gaps rvere treated as providing phl logenetic
signal: thel' were rare among ingroup taxa and never exceeded trvo
bp in lengtir. For confirmation of tree topologies. the distance-based
neighbour-joining method (NJ: Saitou and Nei 1987) u'as pertbrmed
using the Kimura distance (Kimura 1980) under the tuo-parameter
substitr:tion model. This combination proved to be consistent under a
rvide varietv of conditions in simulation studies (Huelsenbeck and Hillis
1993). One hundred bootstrap replicates (Felsenstein 1985) rvere run
for all MP and NJ anall'ses. The phylogenetic programs PAUP
(Srvofford 1993: Version 3.1.i) and PHYLIP (Felsenstein 1993; Version
3.5c) were used lbr the anall'ses.

Trees representing alternative hy'potheses ol clade tbrmation within
the 'true' salamanders were tested lbr signilicant length (least number
of steps required to expiain the observed data set) or 1o-e likeiihood
differences. For the first approach we used Felsenstein's (1993) modi-
fication of Templeton's (1983) test for comparing trees under the
maximum parsimony criterion as implemented in PHYLIP. It uses the
mean rnd vadance olstep differences between trees. taken ecross sites.

It is sirniiar to the test for log likelihood differences oltrees constructed
under the maximum likelihood critenon (Kishino and Hasegawa 1989).

We pertbrmed the latter using the program MOLPHY (version 2.2) of
Adachi and Hasegawa (1991). These tests produced slightll different
results. therelbre test statistics are siven lor both.

Available data sets

In addition to our own 165 sequence data (OWN165). r'"e included the
125 and 165 sequence data ofTitus and Larson (i995: TL9,<SEQ) that
did not overlap rvith our sequence data. They are homologous to bp
positions 2319 3334 ol the XenopLts mitochondrial genome (Roe et

al. 1985). Morphological data as coded by Titus and Larson (1995:

TL95MORPH) and two sets of allozyme data (VS95, Veith and Ste-

inlartz unpublished: OLI91. Olivieri 1991) were also analysed. Avail-
abiiity of different character sets for each species is indicated in Table
L Allozyme data were binary coded. We manuall-v realigned the Titus
and Larson (1995) DNA sequences u'ith special emphasis on the
ingroup taxa. This allowed us to include those portions olthe sequences

that were excluded as bad alignments by Titus and Larson ( I 995 ) since

thel- analysed a phylogenetically more widespread set ol taxa ol tire
family Salamandridae.

None of the additional data sets covered all species of our sequence

analysis (Table l). Therefore. depending on the tested hvpothesis. onlv
subsets of the additional data uere analysed in combination rvith our
165 sequences. Additional data lor S. ctra and S. salannndru were
analysed in combination rvith our S. a. atra and S. sctlantantlra-B
sequences.

Results
Sequence divergence

The sequence covered two large loops ol the 165 RNA gene.

one ol which was extremeiv variable. Altogether. three variable
(23 7 6, 1 10-182, 220-288) and lour constant regions (l-22. 71

109. 183-219, 289423) were designated.

For our S. salamandra and S. inJraintnaculata sampies. tn'o
different haploty'pes were tound with a sequence divergence ol
0.50,/o and 1.0%. respectiveiy (Table 2). The tr.vo subspecies of
S. atra did not show any sequence difference. Hou'eler. there
were minor diffelences at positions .+2:l-500 (the)' are not
included in the analyses because rve could sequence them oniy'

in a t-ew specimens).
The average sequence divergence between species ol the genus

Salunandru was 4.5%. whereas betr,veen members of the three
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OwNl65, own l65 sequence data {'{23bp): TL95SEQ. l65 and 125 sequence data of Titus and Larson (1995); TLS5MORpH. morphological
data of Titus and Larson (1995): VS95. unbublished allozyme data olVeith and Sternfartz; OLI95. zrllozyme clata of Olivieri (1991).

Table 2. Number of base substitutions (belou' diagonal] and percentage of sequence divergence (above diagonal) lor 423 bp of the I 65 RNA gene
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27o was found (Table 3). Between 'true'
the average sequence divergence was

I

Table 3. Percentage ol sequence drr.ergence at 423 sites ol the mito-
choirdrial t65 RNA gene between taxa of 'true' salamanders on differ-
ent taxonomical levels: only one haplotype per polymorphic species lr rs
used (S. o. auroroe. S. infi'ainmtatulata B. S. .Ertluntandra B) to avoid
biased averages: n : number of pairrvise comparisons

Taxonomical level min rneAn max SD

Phylogeny within'true' salamanders

Concerning the relative positions of the two Mertensiella spec,
tes, C.lusitanica and the genus Saluntandra,lhe tree topologies
calculated under different algorithms and TS :TV weighting
regimes rvere concordanl. Clioglossu lu.sitanica and M. c'au-

ca.r'ra always appeared to be sister tara with bootstrap values
between 93 and 98% (Fig. 1). Depending on which Salamandra
species was included in a flour-taxon analysis ol monophyly
ol Merten.siella (M. caut'usic'u, M. lusc'huni, C. lusitanica and
Salomantlrd), the bootstrap support lor polyphyly/paraphyly
ol Merrensiellu was between 93 and 98% (average: 95.5%). The
hypothesis rhat ht. ('{tu('asi('u and M. lust'httni are sister-taxa
was supported by bootstrap values between I and 370 rvith an
average ol 2% (hypothesis #l in Table 4). However. whether
Salantundru, ll[. luschani or a clade lormed by boih taxa are the
sister taxon,'clade of M. ('oucüsi('u and C. lu:;itanlrzr still r'emains

Within Sctlamunclra
Within'trr-ie' salamanders
Bet',ppen 'true' salirnrders and neu ts

3. 1 4.5 6.'7

10.0 I 1.2 l4.l
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P-values

NJ, 2-1-gap

MP,2-1-gap

MP, 1-l-gap
MP, spec.-gap
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I
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C. lusitanica

Neurergus

Salamandrina

S. algira
S. corsica

S. salamandra A
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S. lanzai

Fig. L Hypotheses of 'true' salamander ph.vlogenl'using 423bp ol the 165 mtDNA; bootstrap-values are given for different tree algorithms
(neighbour joining : NJ. maximum parsimony : MP) and for diff'erent weightings oltransitions and transversions under N{P (2 1--eap. 1 1-

gap. specific weighting)l an alternative tree topology wrlhrn SaLanartrü'a is given in the insert

Table 4. Bootstrap support for different hypotheses of monophyly within 'true' salamanders. 100 bootstrap replicates were run in each MP
analysis. A: Data set OWN165, using different Solamandra species as ingroupt B: different data sets and their combinations. TS:TV ratio lor
sequence data : 2 : I . character states of other data unordered , M . luschani (M I), M . caucasica (M c). C . l.ttsitanica (CÖ and orLe Salantandra (S)

species each u'ere tested: bootstrap values are given for different ciades of species: outgroups. Salannnclrita it A. Cvtops. Salantandrin and
Neurergus in B
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Fig. 1. Possibletrectopologiesolivitliin-'true'-salamanderevolutionwhenappllingthefour-taxoncase(C. lusitanicelC.l.l.fuI.caursicafLl .t

^\l . ltrsthani [,]/./.1. genus Sulunnudra lS.l)

unclear (avera_se bootstrap support tbr these hy'potheses: 28.2.
ll.l and 48.70,'0. respectively).

Inclusion olirdditional data sets into the analyses confirmed
the strong support lor the sister relationship ol i,f . <'uut'tt.Eitu

and C. lusitrutit'a and r.',,eakened the support lbr ntonophyl,"-' of
the genus Mertettsiellu (Table 4). The reaügnment ol the Titus
and Larson (1995) data increased their statistical sienificance
lor the lack ola sister relationship betr'u'een the two ,t'[?rteilsiellu
species in comparison to their analy'sis.

lf ue consider the questiou of monoph_"-I"t ol I,lerten.:ielkt
species to be a tbur taxon case (Sulannrtdra- Chioqlossu. .V[.

lu.scltuni and i1. (aut'usit'u rr'ith C.r'riop.r. Sulttnrundrirtu and Nclr-
r(rqu.\ as out-sroups). there are l5 possible tree topoloeies
(Fig.2). Tree #1 was the best under both the marimum par-
simonv and the maximum likelihood criteria. Onll'trees #4 and
#7 r."ere not significantly different in length and likelihood,tiom
tree #l(Table 5). All other trees were significantly' les3 par-
sinonious or likely (hencelorth 'lvorse') than tree #1. Hvpoth-
eses #4 and #7 show M. tuut'usicu and C. lusilunicrr as sister-
taxa as lor hl pothesis #l . Stepwise addition ol lirrthe l d;rta sets
(TL95SEQ. TL95MORPH and VS951 alu.rost ah.vavs sholed
tree #4 to be eqnally good as tree {1. ln addition. tree f l -l'",'here
Sulunuttdru and ,l/. lusc'huni are sister tara \\'as not significantl-v"
t'"orse than tree #l under the maximum parsimony approach
and. u hen including all available data. also under the ntiLrinrun-r
likelihood approach (Table 6).

Ph.r-logenl * ithin S a lam c n dr a

\'lonophllv of the Salarrrrairü'a clacle was supported br,'difl-elc-nt

analrse-s with bootstrap values irr the rangc' ol Tt) 909,, (Fig. l).
Tr',o major claclc's consistentl)' fonned w'ithin the gcnus in all

14
S. C.l. M.c. M.l

15
M.l. C.l. M.c. S.

UIL_J

analvses: (5. utrtt -l S. infraimmat'ulntu) and (S. altrTira I S.

tor.sit'tt * S. lan:ui * S. salantuttlnr). The topolog,v within the
latter clade varied. depending on which phylogenetic method
u'as used (Fig. l). The highest bootstrap values were achieved
r'"hen using the neighbour-joining algorithm. supporting a first
split separating S. otru and S. in/rttinmatuluta lrom the other
species. Subsequentlir. S. ltut:ui and then S. clgira separated
fionr the remaining two, S. t:or.sit'u and S. salunumdru.

A comparison of seven different tree topologies within the
genus Srr/arrraldla. representing the two alternative hypotheses
in combination with biogeographically plausible scenarios of
speciation. showed that none of the alternative topologies is

significantly worse than the best tree under the maximum pirr-
simony (tree #l) and the maximum likelihood (tree #7)

approach. respectively (Table 7). The same holds when allozy'me
data (OLI9-5) are included. Therelore. none of these alternatives
can be ruled out with currentlv available data.

Discussion
Nonmonophvly of M ert e nsie lla

Using our l65 sequence data alone and in combination with
additional data sets ol mIDNA sequences. allozyrne pol.u--

morphisms and morpholo-sical characters result in a tree that
unambiguously contradicts the hl pothesis ol monoph_"-ly of the
genus,l'1r,r'lcri.irr,//rr. Alternative tree topologies are significantly
norsc' nith the erception ol those that show a relationship
betrvcen ;l'l . tutrt'Lrsituand C.lu.sittutit'c as sister taxa. Therefore.
llcrtt,tt.tit'llu ma1' be either polyphl'letic or paraphvletic.

This result supports previous hl pothese s bused , on mor-
plrolo,uical. ecological. biochen'rical and niolecular characters

I

iLl-r i lil it
I

6
M.c. S. C.t. M.litIl+l +

o
M.c. S. M.l. C.trlll+ti?t

-r-

11
M.c. M.l. C.l
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Table5. Conrparison ol all possible tree topologres within 'true' salamanders. C.lu.sitanica. M. luschani. M. taucasica and Salantandra using

413 bp ol l65 RNA ntDNA sequencest tree numbers correspond to those in Fig.2; lopology wilhin Sulamattdra and outgroups according to

Fig. i: rree #l was used as null-hypothesis since it was the best tree under both the maximum parsimony (TS:TV: l:1, gaps inciuded) and the

-or,,.,'.,- likelihoo<l criterion: tree topologies were tested for different step length using Felsenstein's (1993) modification of Templeton's (1983.1

ancl 1or log likelihood difl'erences using Kishino and Hasegarva's (1989) Lests: trees under the maximum parsimony approach were treated as

different in length if their mean difference was more than L96 times their SD (srandard deviation) different lrom the best tree (Felsenstein 1993):

SE : standard error

Maximum parsimony analysts Maxin-rum likelihood analysis

steps
^ 

steps SD sign. worse? lnL AlnL SE sign. worse?tree #

286 (most Parsimonious tree) -1766.0 (best tree)

298 12

299 13

288 2

296
299
289

)99
298
)o/

297
298
294
296
299

t0
t3

3

l3
t2
8

1l
12

8

l0
13

Yes

Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

4.70

4.59
a /<

4.70
4.36
1 1A

/<o
1.47

3.41
4.80

4.70
3.47
4.70
4.59

-279t.5
2796.0

-2768.5
-2791.1
-2795.0
-2'168.6
,2792.3

-2796.r

-2789.9
2793.2

-2784.1
-2790.9
-2793.4

-25.6
30.0
2.6

-25.1
29.1

2.6

-30.2
16.9

-24.0
-27.3
-i 8.2

25.0
a? <

t 3.0
t1.7
5.5

12.3

I 1.8

5.4
ll.o
11.1

8.9

12.8
11.8
8.2

13. 1

12.1

Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

)
6

7

8

9

10

tl
1l
l3
11

15

Table 6. Comparison of all possible tree topologies within the 'true'

saiamanders. M. luschani. M. caucasica. C. Iusitanica and Salannndrct
(5. salanundra B) using our own t6S data (1 : OWNI6S) and

additional data sets (l : TL95SEQ, 3 : VS95, 4 : TL95MOPRPH);
C l nops. Neurergus and Salamandt'lna were used as outgroups; test algo-

rithms for maximum parsimony (N{P) and maximum likeiihood (ML)
analyses according to Table 5: it is indicated whether the alternative

tree topologies are (1'es) or are not (no) significantly worse than the best

tree (br)

tll tl,2l [1.2,3] [1.2'3,4]
TTee# MP ML MP ML MP ML MP ML

Nonmonophyly of S. &tts and S. lanzai

A1l tlee topologies derived lrom different analyses ol our 165

data suggest that the Alpine salamanders, S. atra and S. Ianzai,

do not lorm a monophyletic group. This result is in concordance

with Olivieri's (1991) allozyme data (see aiso Veith 1996). How-
ever. bootstrap support for dichotomies within Salannndra
were always rather weak (Fig. 1) due to short internal branches.

This result hints at a rapid radiation of the genus (see also Veith

1996). Consequently. alternative hypotheses of intra-generic
evolution ol Salanrundra cannot be ruled out statistically since

none of them were significantly less parsimonious or less likel-v

than the best trees in the maximum parsimony and the

maximum iikelihood anaiyses, respectively (Table 7).

Hypotheses on the evolution of terrestriality of reproductive

modes in 'true' salamanders

Evolutionary radiations ol Salamandridae were dominated by

selective regimes according to major kinds ol occupied habitats
(özeti and Wake 1969). Ancestral salamandrids were probably

restricted to montane habitats and their reproduction was

adapted to running water (e.g. a mating pattern that involved

a capture of the female by the male: Salthe 1967). Salthe (1967)

h-vpothesized that most probably the conquest ol lowland habi-

tats b.v ancestral newts caused the basal splitting within the

family. Molecular data (Titus and Larson 1995) and data on

lunctional morphology (özeti and Wake 1969; Wake and özeti

1969; Miller and Larsen 1990), however. indicate that adap-

tations ol'true' salamanders lor terrestriality in montane habi-

tats caused them to evolve characteristics that distinguish them

lrom their more aquatic sister taxon.

The more terrestrial life-c5tcle ol'true' salamanders requires

a lurther specialization ol the mating behaviour. Consequently,

new mechanisms of courtship synchronization evolved that

increase successlul spermatophore transfer ftom males to

b1 bt bt
yes yes yes

yes yes yes

no no 110

yes yes yes

yes yes yes

yes yes yes

yes yes yes

yes yes yes

yes yes yes

yes yes yes

-y-es YeS YeS

no yes no
yes yes yes

yes yes yes

yes

no
yes

yes

yes

yes

yes

yes

yes

yes

1br
2 -v-es

3 yes

4no
5 yes

6 yes

7no
8 yes

9 1'es

10 yes

1 I -ves

12 )'es
13 yes

14 yes

15 yes

bt
yes

yes

no
ves

br
yes

yes

no
yes

-ves

-YCS

yes

yes

yes

yes

yes

yes

yes

yes

bt bt
yes yes

yes yes

no yes

yes yes

yes yes

yes yes

yes yes

yes yes

yes yes

yes yes

yes yes

no no

_ves yes

!'es yes

(e.g. Bolkay 1928r özeti and Wake 1969; Wake and Özeti I9691

Tarkhnishvili 1994; Titus and Larson 1995). Since the included

characters are ol different kinds (mitochondrial and nuclear

genes. morphological data) and their number is large, we con-

clude thar the hypothesis of monophyly ol the genus Me''-

tensiella can be rejected unambiguously.



T

Molecular phvkrgenl ol"true' Salanranders t3

:llrnditrd tler iation: SE. st:rndarcl error

\'larimuur parsinronv anlrlvsis N4arinrun likelihood :rnalysis

Tlce + (topolog)') steps Ä steps SD sign. uolseJ lnL ÄlnL slgr1. worseiSF,

I (i ( ( ^9ar.Sla).51).(SlA.Sr B ) ).( ( ( S'.rA.S.rB )..9r,).Salt)
I ( ( I (.sal.Si,x ).{ SiA.StB) ).( SsA".trB ) ).((.5-l.S{, )..S{//} i

.r ( (((( 5///"S,11).5-ö.(S/A..tiB)').(SrA.SrB)).1 Sr'..Sa1))

I i ( (.tdr.51n1 )..S/).( ( SiA.SlB).( ( S.iA.s-r B ).( -l( .5'(/1) ) ) )

5 (( (Sar..nnr).S0.((S-rA.SiB).(Sr//.((5.rA..trB)..9r')))t
6 ( ( ( (.5-d /. S'rr, )..t/). ( S1A. SiB ) ). (.Sr./. ( ( S,iA. -SrB ). 5t ) ) )

i- ( ( { { t.s.7r..tr1rl ).5-Ö.& ).{ si.4.ssB ) }.s-a1}.( srA. slB } }

186 (nrost narsinronious tree)
190 4 2.t{-1

290 1 2.45
189 3 r.73
t88 2 1.12

186 0 0.00
l9 r 5 2.65

No
No
No
No
No
\o

I /Oö.J -t-J

2773.5 -7.5

2770.2 -4.1
2770.0 -4.0
2769.1 -3.2

1768.3 -").3

2766.0 (best tree)

9.6

8.I
12.3

r06
9.2
9.6

No
No
No
No
No
No

lemales. The rnales ol l,[. t uut'usit'il and M. lusclutni use their tail
projection to stimulate the t'ernales and to svnchronize courtship
(Rehberg l98l; Mudlack 1984: Klewen l99l; Schultschik
1994). In addition. it helps the rnale to place the lemale above
the spermatophore and consequentl.v makes spermatophore
transl'er more successlul (Arnold I987: Sever et al. 1997).

In the Iight of nonmonophyly ol Merrensiella,two hypotheses
mx) explain the absence of the tail projection in Salttnnntlru
and Chiog/o.s.ta. (i) The tail projection is an ancestral character
that \\'as -eained earlier in the evolution of 'true' salamanders
irrrd secondarill' lost b1' Chioglossa (tree #7 in Fig.2;) ar Chi-
oqlLtssu and Sulattumdnr (trees #1 and f4 in Fig. 2). (ii) lt evolved
t*ice in 'true' salamanclers thonroplastic character; trees #1" 4
and 7 in Fig.2). Trees #l and #4 require three independent
cvents: one gain and t\lo separate losses. All the other tree's

tunder the t\'!o options require two independent evolutionary
r'\ ents. Il \r'e consider losses ol a complex structure like the tail
projection less costly than gains we can re_qard tree #7 under
option ti) the most parsimonious one.

There is evidence fiom courtship behaviour that supports
option (i). A common ancestor ol'true' salamanders may have
possessed a tail projection. since similar elements ol'the Mcr"-
ten.tiallu courtship behaviour also occur in Sulununtü'tr and C.

lu.sitLtttic'u. but are perlormed without a tail projection. These
lure head butting. bod-v shifiing (caudal rubbing ol the female's
cloaca ) and positioning ol the f'emale above the spermatophore
(.Arnold 1987). This common ancestor ol'true' salamanders
rraY have mated at least partially on land. In contrast to M.
lusthutti antl Sttlornantlru. the I'[. caucnsictt male begins court-
ship in the water. while subsequent parts of the couqtship,
includin-s spermatophore transfer. occur on land. Therefore.
Schultschik (1994) argued that the species orisinally mated in
tvaLer. Thrs supposedl!'represents the ancestral l-v-pe olmating
behaviour" as indicated by data on courtship behavioul ofother
Salarnandridae species (Salthe 1967). However, anv of the
abore nentioned elements ol 'true' salamander courtship
beliavic'rur ma)' also have e.,,oh,'ed as a symplesiomorphic
character uithout tl.re tail projection, lollorved by a convereent
(or even parallel'l) ei'olution olthe tail projection in both Mer-
tt'rt.siellu species. Recent histological studies could show struLr-

tural difl'erences between the trvo species in -eland distribution
irnd eland size r"ithin the tail projections lSever et al. 1997). To
conclude fiorn these differences. horvever. that projections nrul
liave evolved convefgently seems too early since thcir ten-rporal
(it-se. season) and geographical variation ilre nol 1'et studied.

Within 'true' salamanders. M. cuuca-sit'o and C. lusitdniLLt ire
oviparous. whereas M. luschani is matrotrophic viviparous and
Sulununtlra species are either matrotrophic or lecitotrophic
viviparous. ln general. oviparity is considered the ancestral state
(Wake and Özeti 1969). Thus, tree #l in Fig.2 reflects the most
parsimonious explanation lor the evolution of the reproductive
rnode in 'true' salamanders. A serni-aquatic ancestor ol'true'
salamanders may have reproduced in fast-running mountain
brooks prior to the evolution ol a lully terrestrial mode in
one descendant lineage. This hypothesis is also supported by
comparütive ecophysiological data on larvae ol 'true' sala-
manders (Thiesmeier 1994).

However, the interpretation ol the evolution ol a complex
lit'e-history trait such as viviparity as an adaptation to terrestrial
lifle. characteristic fbr LL luschani and Salatnundra. is rveakened
by the täct that this leature is supposed to evolve surprisingly
fast. This is indicated by studies on killifishes (Meyer and Lyde-
ard 1993), lor example and reptiles. ln the latter. viviparitv is

thought to have evolved separately at least 98 times (Blackburn
1992). Even within Saluntandru, several morphological and
Iunctional aspects ol viviparity differ between species (e._e.

mechanism of internal lertilization. intra-uterine leedin-q of lar-
lae: see Häleli l97l: Greven and Guex 1994: Guex and Greven
1994; Joly et al. 1994). Thus. natrotrophic vir.'iparity which
includes complete intranterine development of larvae ma1' h:rr. e

evolved several times even within Sulunandra (see also Alco-
bendas et al. 1996). Nevertheless. lecitotrophic vrvipantr'. as

realised in most S. salantundru subspecies. may be considered
the key innovation that enabled some populations to reproduce
outside water and thus allowed them to live in high mountain
(5. utru, S. lan:ui. S. .sulamandru bcrnarde:i. S. salunundru
lit.stuo.;a) or extremely dry- (M. luscltuni) habitats without open
water.

Paleobiogeography and evolution of 'true' salamanders

Based on the flooding ol the Strait ol Gibraltar about five
million years ago (Maldonado 1985). we estimated a rate ol
sequence divergence betu'een S. ulgiru fiom Africa nnd S. .ra-

luntondru lrorn Europe ol 0.1"Ä per miilion -v-ears rvhen countin_c

transitions and transversions. We use this calibration ol the I65
molecular clock to discuss further splits within 'truc' sala-
mitnders. We also consider fossil records. However. it must be

emphasized that the fbssil docurnentation fiom Western Europe
is much better than that liom Western Asia.

Morphologicalll,'true' salarnanders are characterized by'
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derived structures adapted lor terrestrial life, such as terrestrial
feedin-e (Estes 1981; but see Wake and Özeti 1969 lor a con-

trastrng view). Salantandra-hke urodelans are already known
from the Upper Paleocene and the Lower Eocene ol France

and Belgium (Estes 1981; Rocek 1994). Together with the newt-

llke Koalliella gen:eli Herre 1950 they are the oldest lossil rec-

ords ol salamandrids (Estes 198 l). Consequently, the basal

splitting within Saiamandridae must have taken place more

than 65 million years before present (MYBP).
The upper Eocene and Oligocene Megalotriton.filholi Zittel

1890 ma-v be the possible ancestor olthe Oligocene and Miocene

Salamandra sansaniensis Laret l85i (Estes 1981). They must
have been common throughout Central Europe since their fossil

remains are known from many sites ol France, Germany, for-
mer Czechoslovakia and Switzerland.

No fossil 'true' salamanders are recorded from Spain prior
to the Lower Miocene period (Sanchiz1977). This explains well
the absence of'true' salamanders on Sardinia. whereas species

ol the genus Euproctus that breed in virtually the same habitat
(fast-running mountain brooks) live on Corsica and Sardinia.

The latter already inhabited Iberia before the Corsica-Sardinia
microplate separated lrom the Iberian mainland during the

Oligocene period about 29 MYBP (Caccone et al. 1994).

ln Central Europe S. sansaniensis must already have

coexisted with the early and comparatively large Chioglossa

nrcini.Estes and Hoffstetter 1976. by the Upper Oligocene and

Lower Miocene periods 25 MYBP (Estes 1981). Thus. the flrst
split within 'true' salamanders that presumably resulted in an

oviparous and a viviparous lineage must have occurred at least

during the Early Oligocene period. Viviparity as an adaptation
to unfavourable environments with increasingly shorter periods

for extra-uterine larval development must have evolved at that
time in the ancienl Salamandra lineage. Strong selective pressure

may induce intra-uterine (better: intra-oviductal) development

of embryos even in egg-laying forms (Wahlert 1953). This scen-

ario. hou'ever. is only partially corroborated by our sequence

data. Tlre average sequence divergence between C. lusitanica

and M. luschani (Table 2) allows lor an estimation ol a first
splitting event within this species group about 20 MYBP.

After the Late Oligocene-Early Miocene period. 25-20

MYBP. lormation of a continuous landmass. roughly cor-

responding to the Balkans and Turkey and including Iberia
and Italy. separated Tethys and Paratethys and allowed for a

distribution throughout the Mediterranean, from East to West

and vice versa (Oosterbroek and Arntzen 1992). During this

period, the probably montane, brook-dwelling, and oviparous
Chioglossa meini and the viviparous Salamandra sansartiensis

could spread from their Western origins towards the eastern

Mediterranean as well as to the Iberian Peninsula. Comparable
patterns of exchange of mammals between Asia and Africa
support this hypothesis (see e.g. Steininger et al. 1985).

The vicariance of Iberia and Italir and the eastern Medi-
terranean areas (Oosterbroeck and Arntzen 1992) 2VI5
MYBP. and the restoration of marine conditions between the

Tethys and Paratethys 13-1 7 MYBP (Rög1 and Steininger I 983)

may have been responsible lor the separation ol C. lusitanica

lrom M . caucasica and of Salamandra from M. luschani. respec-

tively. Our sequence data support this scenario. The time of
divergence between both pairs ol taxa can be estimated to be

about 14-15 n.rillion years ago. The congeneric lrog species

Pelodt'tes punctatus from Iberia and Pelodt'tes caucasicus show

basically the same distributional pattern as C. Iusitanica and

M. caucasica and thus support this hypothesis, which is only

contradicted by some lossil vertebrae lrom the Lower Miocene
ol Germany that may be attributed to a Mertensiella-llke
urodelan (Estes l98l).

Asian Minor-Transmediterranean (ATM) distribution again
became possible l3-1-5 MYBP. This may have enabled western
and eastern populations ol'true' salamanders to invade circum-
Mediterranean areas. At that time, species like C. lusitanica and
M. caucasica must have been more widely distributed thau
indicated by their present range (see Estes 1981). In addition.
lossil records clearly indicate that even in the Lower Pliocene
period a M. caucasica-like salamander lived in Central Europe
(Sanchiz and Mlynarski 1979). Since Salamandra is by lar the

most widely distributed taxon ol'true' salamanders and since

today the other taxa are endemic to rather restricted areas. it is
obvious that plasticity related to the reproductive mode may
have enabled it to spread much further than any of the other
genera and more easily to survive periods ol unlavourable cli-
matic conditions.

Using our calibration of the 165 molecular clock we can also

infer some preiiminary hypotheses on a paleobiogeographic
scenario ol species evolution wtthin Salantandr a. The estimated
time of divergence between S. corsica and S. salamandra is

about six million years. This corresponds to the Messinian
salinity crisis in the late Miocene period when major parts ol
the Mediterranean basin were dry and colonization of formerly
unsettled areas was possible (see also Lanza 1988). The sub-

sequent flooding ol the basin isolated Corsica lrom the Eur-
opean mainland and caused a divergent evolution ol Corsican
and mainland populations.

Degrees of nucleotrde divergence between S alantandra species

range lrom only 3.1 (5. lanzai - S- salamandra') to 6.7'oÄ (5.

infraimmaculata - S. corsica). This indicates that the major
divergence within the genus took place between fir,e and 10

MYBP. Therelore, it may be hypothesized that the genus' radi-
ation was strongly correlated with the opportunity of an Asia
Minor-Transmediterranean distribution about 13 15 MYBP
during the early Serravallian period. A newly created mountain
chain stretched from the Alps through the Dinarides and the

Hellenides to Anatolia (Maldonado 1985). Ancestors of the

present species could have settled large palts ol Europe usrng

this mountain bridge between Europe and Asia, where the genus

probably originated. A first split within the genus couid have

separated the species' distribution more or less simuitaneously
into Iberian, Central and Eastern Mediterranean populations
about 10 MYBP, during the final structuring of the Alps and

the Neo-Pyrenees (Decourt et a1. 1986).
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Zusammenfassung
Eine nnlekulare Ph1'logenie 'Echter' Salamander urrd die Etolutiott tott
Terrestrialitcit des Paarungsrerhaltens

lnnerhalb der Familie der Salamandridae sind die'Echten' Salamander
(Gattungen C hiog lossa. M et' t ensie lla und Salamandra) dtJrch spezifi sche

Anpassungen an eine terrestrische Lebensweise gekennzeichnet (Ana-

toml' und Physiologie des Freßapparates: Paarungsverhalten. Viviparie.
etc.). die es ihnen erlaubten. von einer eher semi-aquatischen zu einer

mehr terrestrischen Lebensweise überzugehen.
Wir sequenzierten 423 Basenpaare des mitochondrialen 165 RNA-

Gens aller Arten 'Echter' Salamander. Basierend auf den resultierenden
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pi:rlrr,.rcitclischen lirptrthescn drskrrltercn sir dic l:ioiurr(,1) ierrc:u,
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\nlr:l:stltrgctl:trltrnol.rlrrlir'\on.l/{?/r?lt/{'1/utuu(dJi(tttttrrl l/. 1rirr'lrra'.
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\lilurrchen cnt\\c(ler c-in srmple:ionrorpires Nlc'r'knral aller oder zurrrin-
ricrt tir'r rncistcn 'Eehtt-rt' Sallrnrandc'r ist. dus bei SuluttrunLtru oder
( ltu4lrt.t.ttt sckuudiir \crlore n ginu. oder clalJ es cin konrcrgentes \,lerk-
rrr:rl i:t. Obuohl die zur Zcrt \()riics!'ndcn Dltcn antleuten, daß-S. rrtra
un(l .\' /rrlr--(lt kcinr: (icscltsist!'ltir\ir \ind. kirnn clics nicht zueil'elsfrei
il u-\lCJehl()s\Cli \\ cfd!'lt.

\\ ir nurzrt'n dic Otl'nung r.lcl Str';rl3c ron CiLrrahar vor c. 5 Niillionen
.l.rhrcrt. in tlcrcn ZLtcc tirc curtrprLi:circu r on dclt irfiikiinischen Populat-
ir\t)(n Lldtr-!.lrnt '.r rrrtlcn- ünr c'inc rrrolcktrlrrrc. l6S R\A-Uhr zu eichen
{r.\lrntc Sc.lucnz-l)irr'r'r:c'nz: 0.1"n pro I \lrilion Jahre). l)ic hieraus
.rhlcithar.'n l)ircru.'rr.uueitcn inncrlurlLr der'Echten'Sllamander stirn-
nlerl gilt Dtil irlrlri.rgcrrgr.rnlli\ehcn [)lrtr'n tibcrein.

Referencc's
\.l.ieltr..l.: ll.r\!'{.r\\1. \1.. I9(.)l: \lOI-l)H\': f)rogtluts fbr molecular

ph\ l(r!anclid\ (',)nlpulcl Seitncc \lonrtgr:rphs. 17. l-okro: lnstitttte
,.1 Sl.rtr.lre:rl \l.rthLr'n.rll('.

\li.'her.iur. \l . [)1rp171r- I'1.: ,\lberch. P.. 1996: Gc-ograp]ric rariation
n] .rll\\r\ n'lc5 lll poirtilittlr)ns \tl' ^\Ltitinttul{lru ttluiltattlru 1i\mphibia:
I r,'Llclatcrhibitirrg !ii\Uner rcpr'()ducri\c nrod!'s. J. Evol. Biol.9. E.1

l():.
\rrroltl. S.i.. l9N': llrc e()nrplu'lti\c cthoiogl ol'courtship rn sala-

nr.u)Jfr(l :rtl:tntrtttricrs l. Stltrnttrttdru ittrd ( /ttorl/o.rrrr. Ethctlttgl T.l,
llr lJ-.

lll,rikhrr[n. t).(j.. l()9]: ('rrnrg;".'111 c\()li]ti()11 trf riripllrtr. ntatrtr-
tfolrlr). ln(l 'pceilrli/rlti()n tiortt lctal nutriti()l.r in rcptile: iind othcr
\('rte lrrirlc:. ..\rre r. Zotrl. ,12. .f li -f l L

. I.)()j l)i.\'rcpant urrqr'trl'llrc rent) '(r\()\i\iplil'itv'in tlrc herpctttlogical
lricrrrlLrrc. Ilc|pctol. J..1. 65 l],

l|,.!k.rr. S.J.. lt)lS: [)ic Schlitlel der Salamandrinc-n. nut bcsLrnd!'rer
lLrirk'rcht aLrl' ihrc s\stclnatiscllc Bcdcutrtnu. Z. Anat, Enlvrck-
lirng.gt"e it. l'16. l-i9 -.1 19.

( ucc,,ne. ..\.: \[ilinkoritch. \1.('.: Sbordoni. \'.: Por.r'ell. J.R.. 199-1:

\l,rlccLrl;rr iriogeosraphr: using thc Corsica-Sardiniu r.nicroplirte dis-
lilreti()n to calibratc mitochondrial rD\A cr.olutionir\ rrtes in
nl()Llrllrin nr\\ts (.1irl)/'.)('1rr.r). J. Erol. iliol. 7, ll7 1.15.

l)ccoLrrt. J.: Zonenshain. L.P.: Ricou. L.-E.: Kitzmin. V.C.: Ie fichon.
\ : K:rippcr. ..\.1-.: Cirand jacquet. C.: Sbortshokor'. L\4.: Gelssant.
l, : Lcpiricr. ('.: Pccherskl. D.H.: Boulin. J.:Sibuet. J.-C.: Sar"ostin.
[ \.: Sorolhtirr. O.: \\'estphal. \{.: Bazlienor. \'[.L.: Laucr..l.-P.:
13i1Lr-l)Lrrll. Il.. 1986: Oc.ological e\olution of'the -fcthvs bclt lionr
thc \tluntle to thc Prmir-\ since the Lias. Tectonoplrrsics 123. l:ll
r 15.

I:rtc:. R.. Ir)l l: Crmnophione. ('audata. Enclclopcdia ol paleoher-

nslqrlqrg.. Sluttgilrt. \eu York: Fischcr.
[:cl:tn.lcirr. J.. I9li5: Confidence limits on phylogenies: An approach

u\rnL lhc bor)tstrap. Erolution 39. 78-1--791.

. l')')l: I)ll\ LIP: Phrlogenetic lnlerence Packagc.3.5. Washington:
(irc',e tt. ll.: (iu.'r. G.-D.. 199.1: Stluctural and ph1'siological aspccts o('

r tr iprrt'itr tn .Sulünt!rndrd sulunutnlru. ln: Creven. H.: Thiesnrcier. B.
Itrj.t. Ilitrltrg] ol' Suluntttttlru ,.rld tllertutsi(lltr. N'{ertertsiclla .1, IJ9
I 6{}

Ciror:cnhrie Ircr^ K.. 199-1: Zr-rr Slsrematik uud \lcrbrcitung cler Alpen-

:rilrrnttndt't lSttlunuutdru dtru utrl. Suluniunlra ulru aurorue. Su-
ldnt(utrltrr /rlr,rrit. Abh. Bcr. \itturkde, Magdetrurg 17, 75-u l.

(iircr. (i.-D.: Grercn. Il.. 1994: StructLrlal and ph-v-siolo-uical aspects of
ririparitr in Sulilnrunltd rrlr.r Ir]: (ire\en. I{.r Thiesmeicr. B. (cds).
tsitrlosv ol'.trriruutntdru unrl .llL,rrotsiellu.lv{ertensiella 4, l6l l0li.

Liyilensten. \'.: Ehrlicir- H.. l9trS: (leneratron olsinglc-strandcd DNA
br the polr mcrase chain reactiol.l and its applications to direct
scquencinr: ol thrr HLA DQa locu-s. Proc. Nati. Acad. Sci. U.S.A.
85, 7651 7656

H rif cli. H. - P.. l 91 l . 7-ur Fort pllanzungsbi olo-eie des A lpensala rnandcrs
I.Suldtllüulrd dtt il Laar.1. Rev. Suisse 2oo1.78,235-29 j.

Hcnnig. W.. 1950: Grundziige einer Tl.reorie dcr phylogenetischen Sys-
tematik- Berlin: Dcutscher Zentraherlag.

lliggins. D.G.: Sharp. P.l\{.. 1993: CLLSTAL W: a package fbr per-
lbrming nrultiple sequence illignme nt on a microcorllputer. CABiOS
5. t5t 1,s3.

Lluelsenbeck. J.P.; Hillis, D.M.. l99i: Success of phylogenetic methods
in the tbur-taxon case. S),st. Zool.42,)47 2.64.

Jogcr. [-r.: Src'infärtz. S., 1994: Electrophoretic rnvestigation in the evo-
lutiorrary historl' of'the West Mediterranean Sttktmandra. hr: Greven.
H.: Thiesrncier. B. leds). Biology of Salanuntlra and trlerten.viellu.
Mertensiella 4. 211 - 254.

Jol1. J.: Chesrrel. F.: Boujard. D.. 1994: BiologicaI adzrptations and
reproductive strategres in the genus Salantundra In: Greven. H.:
Thiesrr.re ier. B. (eds). Biology of Salatnandru and ilferrensit:llu. Mer-
tensiella 4, 155-169.

Jukes. T.H.t Cantor. C.R.. 1969: Evolution ol protein molecules. in:
Iv{unroe. H.N. (ed.)- Mamn.ralian Protein Metabolism. Nerv York:
Acadernic Press. pp. l:l .132.

Kirnura. M.. 1980: A sirnple method ol estimating evoluti(rnart rirLes

'Jt- base substitutions through comparative studies of nucleotide
secluences. J. Mol. Evol. 16, 111-120.

Kishino. H.: Hasegaua. IM.. 1989: Evaluation of the rnaxinrum like-
iihood estimate of the evolutionary tree topology fiom DNA
sequence data. and the branching order in Homrnoidea. J. Ir4ol. Evol.
79,174 179.

Klerven. R.. l99l: Die Landsalamander Europas, 2nd. edn. Wittenberg
Lutherstadt: Ziemsen.

Kocher. T.D.: Thornas. W.K.; Meirer. A.; Edwards. S,V.; Pääbo. S.r

Villablanca. F.X,: Wilson. A.C.. 1989: D1'namics ol mitochondrirtl
DNA evolution in mammals: amplification and sequencing with con-
scrved primers. Proc. Na1l. Acad. Sci. USA 86,6196-6200.

Lanza. 8.. 1988: Hypothöse sur les origines de la faur.re herpetologiquc
Corse . BLrll. Ecol. 19. 163 170.

Maldonado. A.. 1985: Evolution ol the Mediterranean basins and a
detailcd reconstruction ol the Clenozoic paleooceanograph). ln:
N,largaleff. R. (ed.). Key F.nvironments. Western Mediterranean. pp.
l7 59.

Malr. E.: Ashlock. P.D.. l99l: Principles ol Slstematrc Zoologv. 1nd
edn. Ne*.York: McGraw-Hill lnc.

Me1'er. A.: Ly'deard. C.. I993: The evolution of copulator) ()rgans.

internal l-eltilization. placentae and r.iviparity in killifishes (C1p-
rinodontilbrmes) inferred from a DNA ph1'logenl ol tlie tyrosine
kir.rase gene .lJ-.irr. Proc. R. Soc. Lond. B 1993, 153'-162.

Miller. B-T.: Larsen J.H. Jr.- 1990: Cornparative kinernalics of ter-
restrial prey capture in salamanders and newts (Amphibia: Urodela:
Salanrandridae). J- Exp. Zool.256, I 35-l 53.

!l udrack. W.. 1984: ll[ er t en s i e l l a lu.s c h tt n i a rr t ollnna Basoglu and Baran,
1976. Sauria 6. l9-21.

Noble. G.K.. l93l: The Biologr ol Arnphibia. New York London:
Dorer Publ.

Oliricri. L.. l99l: Differenziamento gL'netico nel genera Suluntunlru
(Amphibia. Urotlela. Salamandriclae): Aspettr tassonomici ed nolt"i-
tivi. Master thesis. Unire rsitl 'La Saprenza'. Rome.

Oosterbroek. P.: Arntzen. J.W.. l99l: Area-cladograrls of Circum-
Mediterranc'an taxü in relation tcr Mediterranean paleogeographl. J.

Biogeographl' 19, l-20.
Orti. G.: Petr_v. . P.; Porto. J.[.R.: Jegu. M.: Mever. A.. 1996: Patterns

of nucleotide change in mitochondrial ribosomal RNA genes and the

.. ph\logen) 01'piranhas. J. Mol. Evolut. 42, 169-182.
Ozeti. N.; Wake. D.8.. 1969: The r.norphologl and erolution of the

tonsuc and associated structures in salamandcrs and nervts (firmill
Salamandridae). Copeia 1969, 9 l- l ll.

l_i



l6 VEtrH. Srr,rNplnrz. Ze.nnove. Snrrz and Mryen

Palumbi. S.: Martrn. A.: Ronrano. S.: McMillan. W.O.: Stice. L.; Cra-
bowski. G.. 1991: The simple fool's guide to PCR. versior-r 2. Hono-
lolu. Has'ai:

Rehberg. F.. l98l: Nachtrag zu 'Mertensiella luschani. der Lykische
Saiamander' in herpetofar"rna 9. Seite 16. Herpetofauna 10, 23.

Rocek. 2.. 1994: A revieu ol ibssil Caudata of Europe. Abh. Ber.
Nirturkd. Magdeburg 17,5l 56.

Roe. B.A.: Din-Pou'. M.:Wiison. R.K.;Wong. J.F.. 1985: The complete
nucleotide sequence of rhe Xenopus /aer-ls mitochondrial genone. J.

Biol. Chem. 260, 97 59-917 1.

Rögl. F.: Steininger. F.F., 1983: Vom Zerfall der Tethys zu Mediterran
und Paratethys. Die neogene Paläogeographie und Palinspastik des

zirkum-mediterranen Raumes. Ann. Naturhist. Mus. Wien (A) 85,

I 53-l 63.

Saitou. N.: Nei. M., 1987: The neighbor-joining method: A new

approach for reconstructing phylogenetic trees. Mol. Biol. Evol. 4'
40425.

Salthe. S.N.. 1967: Courtship patterns and the phylogeny of the
urodeles. Copeia 1967, 100-1 17.

Sanchiz. F.8.. 1977: Catälogo de los anfibios de Espana (Noviembre
de 1977). Acta Geol. Hispanica 12, 103-107.

-; Mlynarski. M., 1979: Pliocene salamandrids (Amphibia, Caudata)
from Poland. ActaZool. Cracov. 24,175-188.

Schultschik. G.. 1994: Zur Fortpflanzungsbiologie von Mertensiella
caucasica. Abh. Ber. Naturkd. Magdeburg l7 , 163-17 5.

Sever. D.M.. 1992: Comparative anatomy and phylogeny olthe cloacae

of salamanders (Amphibia: Caudata).IV. Salamandridae. Anat. Rec.

233,229-214.

-l Sparreboom. M.: Schultschik, G.. 1997: The dorsal tail tubercle of
Mertensiella caucasica and M. luschani (Amphibia: Salamandridae).
J. Morph. 232,93-105.

Steininger. F.F.: Rabeder. G.; Rögl, F., 1985: Land mammal dis-

tribution in the Mediterranean Neogene: a consequence of geo-

kinematic and climatic events. In: Stanly, D.J.; Wezel. F.C. (eds),

The Geological Evolution of the Eastern Mediterranean. New York:
Springer. pp. 659-668.

Srvofford, 8.L.. 1993: PAUP: Phylogenetic analysis using parsimonl.
Version 3.1.1. Computer program distributed by the lllinois Natural
History Survey. Champaign. Illinois.

Tarkhnishvili. D.N.. i994: Interdependence between populational,
developmental and morphological features ol the Caucasian Sala-
mander. Mertensiellu ceucasictt.ln: Greven. H.: Thiesmeier. B. (eds),

Biolog"v olSalanwtdra and. MertensielIu. N{ertensiella 4, 315-325.
Templeton. A.R.. 1983: Phylogenetic inference from restriction endo-

nuclease cleavage site maps with particular reference to the evolution
ofhumans and apes. Evolution 37,221-244.

Thiesmeier. B.. 1994: Trophische Beziehun,sen und Habitatpralerenzen
sympatrisch Iebender Salamandra salannndra- und Chioglo.ssa
Iusitanica-Larven. Abh. Ber. Naturkd. Magdeburg 17, 119-126.

Titus. T.A.: Larson. A., 1995: A molecular phylogenetic perspective on
ihe evolutionary radiation of the salamander family Salamandridae.
Syst. Biol. 44, 125-151.

Veith. M., 1994: Morphological. molecular and life history variation in
Salannndra salantandra (L.). ln: Greven, H.; Thiesmeier, B. (eds),

Biology of Salamandra and Mertensiella. Mertensiella 4,355-39'l .

-, 1996: Are Salamandro atra and S. lanzai sister species? Amphibia-
Reptilia 17, 17+177 .

von Wahlert. G.; 1953: Eileiter, Laich und Kloake der Salamandriden.
Zool. Jb. Anat. 73, 2'76-324.

Wake, D.8.. 1982: Functional and developmental constraints and
opponunities in the evolution of feeding systems in urodeles. In:
Mossakowski, D.; Roth, G. (eds), Environmental Adaptation and
Evolution. Stuttgart. Germany: Gustav Fischer. pp 51-66.

-: özeti. N., 1969: Evolutionary relationships in the family Sala-
mandridae. Copeia 1969, 124-137.

Auhors' addresses. Michael Veith (for correspondence). and A. Seitz,
Institut für Zoologie, Abt. Populationsbiologie, Universität Mainz.
Saarstraße 21. 55099 Mainz. Federal Republic of Germany; S. Stein-
fartz. Aueteichstraße 32. Wolfsburg. Federal Republic of Germany; R.
Zadoya and A. Meyer. Department of Ecology and Evolution. State
University of New York at Stony Brook, Stony Brook. NY 1i794-
5245. USA


