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ABSTRACT

Living species often offer the only means of inferring the phylogenetic history of

particular groups.

Since such inferences are usually based om morphology, it is dif-

ficult to use them to test ideas concerning rates of adaptive morphological evolution,
Allozyme data offer a partial escape from this dilemma. Plethodontid salamanders hawve
been well studied morphologically and electrophoretically, Examples are given of a
mmber of ways in which allozyme data have contributed importantly to an understanding
of morphological evolution in the group. When used in the context of a broad-based,
systamatic approach to particular lineages, allozyme data greatly enrich analytical

possibilities.

Specific areas in which allozyme data have proven of value include

identification of cryptic species, determination of the evolutionary status of allopa-
tric populations, dynamics of species interactions in hybrid zones, and sequence and
relative time of divergence of related taxa in relation to morphological evolution,
Despite cheir utility, allozyme data may provide a false sense of searity, and some

problems are discussed.

TNTRODUCTTION

The past Fifteen years have witnessed
an explosion of information describing
genic differentiation in natural popula-
tions of plants and animals. Initially,
evolutionary biologists saw starch-gel
electrophoresis as a means of measuring
genic variation in natural populations in
conjunction with studies in theoretical
population genetics (see review by Lewon-
tin 1974). A succeeding phase was the
detailed inmvestigation of patterms of geo-
graphic variation in allozymes within spe-
cies, and the comparison of congeneric and
more distantly related specles (see review
by Ayala 1975). The volume of information
available is now great, but within any
glven major taxon coverage is far from
uniform.

In this paper I concentrate ocn one as-
pect of the utilization of allozymic in-
formation for evolutionary studies--the
application of such information to inves-
tigations of the evolution of morphology
within the context of research programs in
systematic biology.

MORPHOLOGICAL AND ALIOZYMIC EVOLUTION

Much attention has been given to the de-
gree to which morphological and allozymic
evolution proceed in a t marmer.
One aj is to concentrate on clado-
grams and classification, and to investi-
gate the degree to which trees or classi-
fications of the same organisms based on

different data sets postulate the same
groupings (taxemomic congruence, Mickevich
1978). Several methods exist for generat-
ing classifications from mrpl'nlo%ical and
molecular data and methods exist for com-
paring such classifications (summarized by
Mickevich 1978; Prager & Wilson 1978;
Throckmorton 1978). As data sets grow and
as the mmber of entities increases, the
muber of possible trees alsc increases.
Many nearly equivalently acceptable trees
(using same predetermined measure of good-
ness of fit) may ocomr (Felsenstein 1978).
The degree of taxonomic congruence of data
sets based on allozymes and morphology of-
fers new opportunities for analyzing the
phylogenetic history of adaptive morpho-
logical evolution, A prior assumption is
made that allozymic evolution is mainly a
time-dependent phencmemom, Once data are
bymilable, ﬂi:drz m can be tested
construct: using algo-
rithms such as that of Fitch and Marg-
1::;3(1967). Annlysis of the data, then,
T es o assumptions concerning mole-
cular evolutionary clocks. By camparing
groups cbtained from the two data sets, it
is possible to determine where in the dif-
farent trees there have been changes in
rates of molecular or morphological evolu-
tion, The expectation from many empirical
results is that trees based on molecular
data are more internally consistent than
are trees based on morpho (for example,
see three data sets anal by Mickevich
1978), ard as a general rule, the tree
based on molecular data is an appropriate
point of departure for comparative studies

G.G.E. Scudder & J.L. Reveal {eds.}), EVOLUTION TODAY, Proceedings of the Second Inter-
national Congress of Systematic and Evoluticrary Biology, pp. 257-270. 1981,
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(Wilsem et al. 1977).

A second approach is to examine the
relative rates of morphological and allo-
zymic evolution on a somewhat more ad hoc
basis, looking at particular species
pairs or small groups of closely related
species. The best lnown of these studies
is that dealing with hman-chimpanzee re-
lationships (King & Wilson 1975; Bruce &
Ayala 1979). 'These two species differ
substantially in morphology but allozyme
differences are similar to those commonly
recorded among congeneric species of oth-
er mammals. The interpretaticn is that
while molecular evolution has proceeded
at more or less "normal' rates, morpho-
logical evolution has been very rapid.
Many workers have now found instances in
wiich relatively great morphological dif-
ferentiation has been aci by
little or o allozymic differentiation
(for example, in studies of teleost fishes
by Avise et al. 1975; Sage & Selander
1975; Kornfield & Koehn 1975). Corverse-
ly, species that are essentially identical
in morphology have been found to be ex-
tremely differentiated genically ton
1979; Larson & Highton 1978; Yanev 1978,
1980). The most direct conclusiom is
that rates of morphologicsl evolution vary
greatly from group to group as evelution-
ary biologists have long known (e.g.,
Simpson 1944). Among vertebrates, many
groups of teleost fishes (e.g., Avise &
Smith 1977; Avise et al. 1977), birds (e.
g., Avise et al. 1980), and mammals avo-
Ive rapidly in adaptively significant
morphological features while amphibians
and, to lesser extents, reptiles (Adest
1977; Bezy et al. 1977; Wyles & Gorman
1980), evolve relacively slowly.

In this paper I focus particularly on
salamanders of the family Plethodontidae.
1 do so because I believe that in order to
use allozyme data effectively to gain an
understanding of morphological evolution
it is necessary to study specific lineages
fram a phylogenetic perspective. Pletho-
dontid salamanders have been well studied
morphologically, and now a great amount of
:I.nfomalggim on al and other molecu-
lar aspects of their evolution has became
available.

THE USE OF ALLOZYME DATA IN MORPHOLOGICAL
AND SYSTEMATIC STUDIES OF PLETHODONTID
SALAMANDERS

I will illustrate some applications of
allozyme data by specific examples. The
examples are grouped into four categories,
all of which involve to some extent the
two general approaches outlined above. The
categories are organized in the form of
specific problems faced by systematic bio-
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loglsts, and include: 1) identificacion of
cryptic species; 2) the systematics of al-
lopacric populations which are similar in
morphology; 3) d of interactions
in hybrid zomes; and 4) sequence and re-
lative time of divergence of related taxa
in relation to the evolution of morpho-
logy. In-all of these examples I make the
assumption that the major problem to be
understood 1s the nature of adaptive mor-
phological evolution.

Identification of Cryptic Species

In recent years we have become gware
of the fact that mmy species in nature
are so similar in morphology that we have
mistakenly considered them to be conspec-
ific. One of the most practical applica-
tions of allozyme techniques has been the
separation of sympatric, cryptic species.
A s example is the work of Yanev
(1978, 1980) on the slender salamanders,
Batrachoseps, In central coastal Califor-
nia. Formerly a single species, a. atten-
uatus, was throught to be contirmiously
distributed from extreme southwestern Ore-
gon along the coast to southern Califor-
nia, with a disjumnct group of populations
in the Sierra Nevada {Hendrickson 1954).
Brame and Murray (1968) used tmorphologi-
cal evidence to segregate a group of
coastal populations south of Monterey Bay
a3 & distinct species (which they named 5.
relictus), but they eontimued to
B. attenvatus as being contirmously dis-
tributed for nearly the entire length of
the state, In the Monterey Bay area it
was more interior in relation to the para-
patrically distributed 8. relictus. Us-
ing allozyme data, Yanev found B. attenu-
atus In this region was a complex of three
parapatrically distributed species exhib-
iting a complex pattern of species re-
placement (fig. 1). The central of these
three species was found to be a semispe-
cles of B. relictus. The two semispecies
meet and interact in a narrow zone, but
they cannot be distinguished morphologic-
ally. They are distinct genetically, with
an average genetic distance (all gemetic
distances in this paper are those of Nei
[1972] unless otherwise noted) of .45, a
substantial difference. Away from the
coast, in the inner coast range, morpholo-
glcally similar species are arranged in a
north to scuth sequence. In the north,

B. attenuatus (in the now restricted sense
of Yanev 1980) is replaced on its southern
borders by the irmermost of the two semi-
species. The genetic distance between
them is about 1.5. 1In turm, this semispe-
cies is replaced to the scuth by 5. nig-
riventris; these specles are separated by
a genetic distance of about 1.0, The gene-
tic distance between 3. nigriventris and

B. attenuvatus is about 1.5, The areas of
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Fig. 1. Distribution of three species of plethodontid salsmsnders of the

genus Batrachoseps in central coastal California. The two semispecies were
recently assigned to the species 5. pacificus by Yanev (1980), but earlier
authors have assigned populations of semispecies A to B. relictus and semi-

species B to 5. attenuvatus.

replacement are characterized by narrow
zones of sympatry, but no evidence of hy-
bridization has been found. These three
species carmot be separated on morphologi-
cal grounds, even vhen powerful miltivari-
ate morphametric techniques such as dis-
criminant fimction analysis are used. How-
ever, once the three species are sorted on
the basis of allozyme data, subtle morpho-
metric and osteological differences can be
detected, even though these do not aid in

identifying the species.

An even more extreme instance of genet-
ic differentiation without morphological
differentiation imvolves the Pietheden
wellerd species group of salamanders in
the eastern United States. A group of
populations In the southeastern part of
the range of p. dorsalis was found to have
&n average penetic distance of approxi-
mately 2.0 %rcm supposedly conspecific

tions to the north and west (Larsom
& Highton 1978). In contrast, the average
genetic distance among the scutheastern
populations, some of which are isolated
geographically, is only about .08. Sub-
sequently, Highton (1979) discoversd cme

locality in Jefferson County, Alabama,
where the two zﬁ:ci.es are microsympatric,
ard described southesstern populaticn
as a new specles, p. websteri. Highton
notes that although the two species share
less than 207, of the alleles discovered at
26 electrophoretically detectable loei, mo
morphological diffevences in standard taxon-
omic characters used to distinguish taxa

in the germs have been detected. No mor-
phometric analysis has been performed on
these species, but there is little question
concerning their similar morphology.

In several instances allozyme informa-
tion has facilitated increased sophistica-
tion of morphological analysis. This has
been especially true of the plethodontid
salamanders of the New World tropics, a
speciose that includes over one-half
(about 150) of the living species of sala-
manders. Tropical species frequently are
differentinted by subtle morphological
traits that usually have not been used to
distinguish North American species. There
has been some question as to whether there
really are large mumbers of species in the
tropics (Dum [1926) recognized only 31).
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On Cerro San Felipe, Oaxaca, Mexico, re-
latively large salamanders of the
Pseudosurycea occur. Taylor (1941) recog-
nized two specles, P. smithi and P. ungu-
identis, but samples were small and the
rather subtle differences between the two
were not documented. On the basis of ex-
tensive field work and study of large
mmbers of additional specimens, Bogert
(1967) recognized but one species. Lynch
and associates (1977) performed an elect-
rophoretic analysis, and followed this
with a morphametric analysis, based on
microsympatric samples. The genetic dis-
tance of D= .6l is relatively large for
morphologically similar species. Discri-
minant fimction analysis end regression
analysis performed on eight morphametric
variables revealed highly significant
differences between the samples, cnce they
had been properly sorted.

Hanken (1980) examined Mexican salaman-
ders of the gemus Thorius in detail, using
a combination of electrophoretic and mor-
phological approaches. These are the
amllesttgealglniars in the wr](.d. and
perhaps est tetrapods {sexual ma-
turity is attained in scme males at a body
size of about 15 mm). The size of these
animals hindered detailed analysis in the
past, and there were questions concerning
the mumber of valid species. As in the
Batrachosaps and Psevdosurycea examples,
once the species of Thorius were separated
on the basis of allozyme information, Han-
ken was able to document morphological
differences becween them. The genetic
differences between these supposedly
slightly differentiated species were high,
frequently D= 1.0,

I:remﬁmf to be seen if other in-
stances of species thought to be morpho-
logically similar but well differentiated
genically are morphologically identical or
not. Workers cften have relied only on
"gtandard" taxoncmic characters, and have
not performed detailed morphometric and
osteological analyses. For example, the
members of the plethodontid gemis besmog-
nathus have been considered to be confus-
ingly similar in morphology, and there is
little question but that they are.
tailed morphological study of the group
has been completed. Recently Tilley and
colleagues (1978) reported the discovery
of two similar kinds of salamanders in the
southern Appalachian Mountains of North
Carolina. At same localities the two were
readily separable on the basis of complex
coloration differences. At other localit-
ies it was apparent that che total range
of color variation was great, but two
groups could not be distinguished. Allo-
zymie differences proved to be great, with
D= .39 between D. ochrophaeus and the mor-
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phologically similar speciea p, imitator.
The authors state: "Unfortumately, the
teemomic arrangements suggested by elec-
trophoretic data and color patterns do
not coincide”. They go on to note that

a major disadvantage of electrophoretic
data in their study is that the cexonomic
units they generate are otherwise india-
tinguighable. Detailed morphemetric stud-
ies of these species, which are apparently
very similar in morphology, are badly

The dangers of relying on “standard"
morphological characters in salamander
taonomy are demonstrated in another ex-
ample, Brodie (1970) described a new spe-
cles of plethodontid salamander from west-
central Oregon. Plethodon gordoni was
sald to be distinct from its sympatrie
associate, P. dunni, in coloration and
morphology. Feder et al. (1978) showed
that the two were virtually identical in
allozymes (D= .001). Re-evaluation of the
morpho data demonstrated that the
sole difference was the color pattern, an
apparent polymorphism. A similar color
polymﬂism in P. cinereus has been shown
to be result of a relatively simple
genetic trait (Hightem 1959, 1975).

The most intensive study of the rela-
tion between geographic variation in
standard taxonomic (morphological) char-
acters and allozymes is that of Higheon
(1977), which focused on Plethodon ciner-
oug of the Del-Mar-Va Peninsula east of
Chesapeake Bay in eastern United States.
Two “standard” taxonomic characters, one
coloration polymorphiem (striped versus
unstriped color phases) and one morpholog-
ical polymorphism (mmber of trunk verte-
brae) were compared with five variable
electramorphic loci. There was little
concordance in the patterns of variation
in the two morphological characters (177
localities), but there was a high level
of concordance among the five loci (36
localities). On this basis, Highton ar-
gued that allozymes offered more insight
into the past history of groups than did
the morphological characters used. It is
unlikely that any insight into the evolu-
tion of the restricted kinds of morpho-
logical features previously used in the
classification of species of plethodon
will come directly from the study of all-
ozymes.

In sumary, allozymic information is
proving to be an invaluable, nearly essen-
tial tool in detecting cryptic species
sorting color morphs in salmmenders. This
is an essential first step for any analy-
sis of morphologic evolution in taxa. There
are many reasons to believe that there are
far more species of plethodontid salamanders
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than have been recognized. Despite the
occasional instance of imvalid species,
the dominant theme has been detection of
utrecognized, cryptic species. Work cam-
pleted but yet unpublished and in progress
{especially by Guttmm, Hanken, Highton,
Tilley, Weke and Yanev) will provide ad-
ditional documentation of this eomelusion.

Allopatric Populaticns Similar in
Morphology

The allozyme revolution has posed new
problems for those interested in adaptive
evolution, especially those concermed with
the evolution of morphology. Nowhere is
this more apparent than in the venerable
problem of how to deal with allopatric
populations of morphologically similar an-
imals. While allozymie information adds
an important new dimension to the problem,
no sclution is . Some specific
examples illustrate the new problem.

The red-backed salamander, Plathodon
cinereus, has been intensively studied by
Highton and his co-workers over a mumber
of years, and it is one of the best known
vertebrates in terms of geographic pat-
terns of variation. The species is con-
timwously distributed from North Carolina,
eastern Illinols and Mimmesota northeast-
erly through southeastern Canada, and east
to the Atlentic seaboard. To the south
and west from this area of contimuous dis-
tribucion are five isolated geographic
units that differ either in coleratiom,
munbers of crunk vertebrae, or both, fram
the nearest populations in the area of
conitimious distribution. Highton and
Webster (1976) performed an extensive
electrophoretic analysis throughout the
geographic range of the species, includ-
ing the five isolates. Differentiation
within the of eontimous distribu-
tion was low (E V11, range 0-.24), and

able levels were found among the
five southern isolaces (B .07, range
0-.19). However, genetic distance between
these units averaged .42 (range .31-.67).
For four of the 24 electromorphic loci
examined no alleles were shared by the two
units, and there were strong differences
at two additional loci. Highton and Web-
ster noted that there was no empirical
basis for assigmment of species status to
the unit composed of the five isolates.
They atcributed the similarity within the
taxa they recognized to common ancestry,
and argued that evolution of reproductive
isolation often accompanied genic diver-
gence of the magnitude they measured,
Plethodontid salamanders seem to speciate
ac to the classical allopatric mo-
del (Mayr 1663), and implicit in the ar-
gument of Highten and Webster is the no-
tion that genic divergence as measured hy
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allozyme conparisons builds as a fimction
of time since separation. The longer the
period of separation, the greater the
likelihood that accumulated genetic dif-
ferences will be sufficiently preat that
the units would behave as biological spe-
cies if they re-established comtact., For
these reasons, and on the basis of some
biogeographic considerations, Highton and
Webater assigned the five isolates to a
single specles, P. sarratus. The five

isolates share no unique morphological
characteristics,

Guttman and co-workers (1978) exsmined
another agllopatric pattem in piathedon.
In this case, an isolated group of popu-
lations in southern North Carolina had
bongiceos: bassdon $e0 moephentont ©
longicrug, on its 1
distinetness (in such feauxes%
length) from its closest relative, P. yon-
ahlossee, located to the north and east
(Adler & Dermis 1962). Oaly three of 21
loci were polymorphic, and there are no
significant differences between the two
supposed species. The greatest genetic
difference recorded between popuiations
assigned to the two species was less than
.10, They attributed same of the morpho-
logical differentiation to elinal geo-
gx.}gphic variastion, and dmdﬁgted thac

remaining morphological erences
were less significant than had been
thought originally. They reduced p. Iong-
ferus to the synonymy of P. yonahlosses.

At present, for salamanders these ex-
amples represent the limits of applica-
tion of allozymic evidence to problems of
allopatry. Morphologically similar, but
distinet, species of sympatric Plethoden
have genetic distances as low as .24 (p.
cinereus and P. shenandoah——Highton &
Larson 1979), but some allopatric units
that are differentisted only on the basis

as distinct spe-
ciss. An example are the closely related
allopatric species p. punctatus and ».
wehrlai ?.gr eastern United States, which
are simi in morpho (Highton 1972)
and in allozymes (D= .18; Highton & lar-
son 1979), Highton and Larson recognized
several morphologically distinet, geo-
graphically isolated populations that had

ific status as separate species.
They reasoned that such a decision was
required for purposes of "taxonomic con-
sistency”, since these populaticms had
minimal genetic distences from other pop-
ulations greater than those between se-
veral sympatric species pairs that never
hybridize in nature.

Highton (pers. conm.) has elshorated
his position for me. Taxonamists must
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mzke judgements the status of
most allopatric populations that are only
a little better then “educated guesses",
In the past, judgements usually were bas-
ed on degree of morphologicsl divergence.
For several reasons, degree of morphologi-
cal divergence can be misl . Char-
acter displacement (a controversial phen-
omenon that isldifficult to deum.atrgte
butisgmeralyacceptedaabeingo con-
slderable significance) increases the mor-
phological divergence of sympatric species
known to be isolated reproductively, and
this leads to a bias when comparing allo-
patric populations, Further, as I demon-
strate in this paper, morphological evolu-
tion is frequently not concordmt with
genic evolution, ton argues that
bulldup of genetie distance s a better
predictor of whether two populations will
interbreed upon recontact than is morpho-
logy, and he is probably correct. But
this is all relative, and T am not con-
vinced that buildup of %mem'.c distance

is very useful in establishing taxoncmic
statug, except in extreme cases.

Whether one uses a biclogical or an ev-
oluticnary species concept, there is lic-
tle ground for a priori determination of
species status. If we consider biological
species concepts for the moment, there is
no information in salamanders cone
the relationship, if any, between rate of
allozymic evolution and rate of evolution
of reproductive isolation. As genetic dis-
tance between allopatric populations in-
creases, the likelihood that reproductive
isolacing mechanisms have evolved by
chance alone also increases. Whether this
likelihood is increased when buildup in
genetic discance is also accampanied by
norphological differentiation is simply a
matter of tion. Perhaps chance-
based isolating mechanisms evolve strictly
as a function of time rather than as a
funetion of morphological differentiation,
but when morphological differentiation is
a result of adaptive responses one might
expect isolating mechanisms to ewvolve as
a result of pleiotropy or other factors
affecting the whole (see Mayr
1963; Templeton 1980). There seems to be
no theoretical basis for the argument of
"taxonomic consistency”, which appears to
be no more than a rule of thumb.

In fact, application of the taxonomic
consistency rule might lead to chass. We
know that morphologically distinct species
of prosophila have genetic distances as
low as .063 (Sene & Carson 1977), and such
levels are charbeteristically found between
populations of the same specles in the ge-
nus (Ayala 1975). Morphologically distinct
species of birds frequently are only
alightly differentiated in allozymes. Bar-
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rowclough and Corbin (1978) found genetic
distances between species of wood warblers
fo average anly .10, and between genera of
Parulidae to be only .18. The Veery (cat-
harus fuscenscens) and Swainson's thrush
(€. ustulatus) have a genetic distance of
only .01 (Age gt al. 1980). Six ?:l:c-h
patric spec of Galapagos ground -
es (Geospiza) camnot be distinguished
electrophoretically (Yang & Patton 1981).
It seems inevitable that sympatric species
of salamanders will be found with lene ge-
netic distances, and Highton and Larson
(1579) have already reported values as low
as .26 (Plethodon shenandosh and P. cinere
eus). Instances are known of allopatric
populations of salsmanders only slightly
differentiated in morphology gene-
tic distances greater than .2 to . (Yan-
%}978;1;15:13\‘-8 & Wake 1981; I.arsmz

ton 1978; Hedgecock & Ayala 1974; Lar-
son 1980), and exanples will multiply with
time (work in progress by Highton, Wake,
Yenev, Yang and others).

Many exarples of the difficulties en-
countered with allopatric populations have
been discovered among the tropical sala-
manders, The plethodons of eastern United
States form a nearly eontiruous Ycarpet”

yrich
1976), and ml;;r be separated from related
populations significant spatial gaps.
Salamanders associated with psaudoeﬁiycea
leprosa on the southern part of the Mexi-
can Plateau are today mainly limited to
elevations in excess of 2500 m, Wake and
his colleagues (in prep.) studied seven
populations of p. leprosa and compared
them with single populations each of the
related species, P. robertsi and p. alta-
montana, from the same area, Cne popula-
tion of p. leprosa is sympatric with s,
altamontana, and there is no hybridization
80 we know that these two represent dis-
tinct species. They are similar in mor-
phology, but can be separated on rather
subtle morphological characteristics (p.
altamontana s somewhat more robust, with
a head and lizhs). One ad-
ditional population (called Villa Vietoria
for reference) had been agsigned previously
to P, robertsi but we felt that it was not
very similar to that species, and consider-
edittobesimlymemrepcrptﬂa:imof
P. leprosa. Pgeudoeurycea robertsi has
been recognized as a distinct species
ail];cprfnvims ma. and it is ra:herbg.i.s-
tinct in morpl from other populations
included in ocur study,

Same populations of Pseudoeurycea lep=
rosa are close to others with genetic dis-
tances as low as .002. However, there is
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a buildup of genetic distance with geo-
graphic distance and two remote popula-
tions have a gemetic distance of .54 from
each other. The species as a whole is
distinet from both ». robertsi and P, alta-
montana {genetic distance of greater than
1.5 to both), but to our swuprise the dis-
tance to cur Villa Victoria population is
even greater (1.8). Further, the gemetic
distances between the Villa Vic pop~
ulation and both pP. robertsi and P. alta-
montana are greater than 1.0. Cormversely,
these two latter, morphologically distinct
but allopatric species are relatively
close genetically (D= .15). Perhaps the
Villa Victoria population should be des-
cribed as a distincc species simply be-
cause the genetic distances to potential
relatives are so extreme.

One carmot as yet conduct hybridization
tests between populations of plethodontid
salamanders, and even 1f we could the re-
sults would be of dubious value. The al-
lopatric populations problem is destined
to plague us forever, and it is likely to
be especially acute in plethodontid sala-
manders, where the allopatric mode of spe-
clation seem to dominate. As a general
rule of thumb I would argue that allopatr-
ic populations should not be given species
status on grourds of allozyme differenti-
ation alone in the absence of significant
morphological differentiation.

bynamics of Interactions in Hybrid Zones

Details of allozymic interactions in
hybrid zones have been studied in only
four instances to date: Plethodon ouach-
itae-P. fourchensis in Arkansas (Duncan
& Mighton 1979), P. jordani-p. glutincsus
complex in North Carolina (Pesbody 1978),
Desmognathus fuscus-p. ochrophaeus in Chio
and Permsylvania (Karlin & Guttman 1981),
and Bolitoglossa franklini-B. resplendans
in Guatemala (Wake et al. 1980), Of these
the latter two sets irmvolve the most gene-
tically distinct groups (D= .46 and .48,
respectively) and they are the most dis-
tinct morphologically as well. ‘The p.
jordani-p. glutinosus situation is under
intense study by ton currently, and I
will discuss it no ther here.

All hybrid zones so far studied have
been detected first on morphelogical
grounds (mainly coloration). Duncan and
Highton (1979) did not attempt to analyze
coloration in detail in the hybrid zone,
but simply noted that the hybrid popula-
tions were intermediate, with individuals
in these populations showing a great deal
of varilation,

An attempt was made to compare electro-
phoretic phenotypes and morphological phen-
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otypes directly in the solitoglossa study
(Wake et al. 1980},

hybrid

were established, and the results compared.
While hybrid populations were more variable
in coloration, good mumbers of parental
morphotypes were found in the main hybrid

tion. There were strong heterozy-
gote deficiencies for the three electro-
morphic loci that showed fixed diffeven-
ces between parental populations. Several
suspected F) individusls were found using
electromorphic data, but only one of these
was assigned a hybrid morphological score.
There was poor concordance batween the two
indices. The species with the narrowest
ecological niche, 2. franklini, has the
most resilient morphological phenotype; it
accepts a large dose of B. resplendens al-
leles before any outward sign of hybridi-
zation is detected. In contrast, 5. res-
plendens has a labile morphological pheno-
type and resembles 5. franklini vwhen only
slight evidence of hybridization can be
found from allozyme analysis. Hybridiza-
tion here may be a relatively recent phe-
namenon, but in the case reported by Dun-
can and Highton (1979} no heterozygote
deficiencies are reported and there seems
to be a swoth, but abrupt, transition
fram one species to the other over a dis-
tance of less than 10 km, and perhaps much
less. The Bolitoglossa situation appears
to represent a kind of tension zone, in
which a speciles better suited to ecologi-
cal disturbance is Introgressing into and
possibly replacing a more narrowly adapted
ane. Desmognathus case hybridiza-
tion appears to be rare with introgression
occurring in both directions., The Pletho-
don case seems to be a simpler situation
resulting from contact of in-
campletely differentiated unics.

Mode of specistion is a major factor in
assessing the systematic implications of
hybridization. Templeton (1980) has ve-
cently contrasted modes of speciation
vhich he terms transilience and di: 5
The former are associated with small popu-
lations and founder effect, and there is
little evidence that it has been 4
ojﬂm tl'lemsevclul:im of plethodontids, Pleth-

tids appear to speciate divergently,
either adaptively (establishment of myzx-
trinsic isolating factor, followed by in-
dependent microevolution and establishment
of isolating mechanisms) or clinally (the
igolacion by distsnce model). Transilient
speciation frequently involves hybridiza-
tion as a part of the speciation process,
and Hall (1977) has presented arguments
that stable hybrid zones get established
that serve not as foci of introgressiem or
specles breakdown, but as “sinks". In
contrast, when tion occurs fol-
lowing re-establishment of units that have
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speciated divergently, stable hybrid zones
are not expected, Hybridization is likely
to be ephemeral, or it is likely to lead
to such profound changes as replacement of
one species by another (as in the Bolite-
glossa example) or such extensive mutual
introgression as to blur the distinction
between the units. When tien
occurs between species thought, on inde-
pendent grounds, to have speciated diver-
gently, care should be taken to assure
either that the hybridization is limited,
or that there is no extensive mutual in-
trogression before recognizing the units
as distinct species. Should these con-
ditions not be met, and in the absence of
morphologleal or other phenotypic differ-
ences, such situations are probably best
treated as instamces of secondary inter-
gradation within a single species.

Sequence and Relative Time of Divergence
of Related Taxa in Relation te the Evo-
lution of Morphology

There now exist a rumber of methods
to estimate the phylogenetic history of
groups of organisms. Here I will simply
demonstrate same of the ways in which
these methods can be combined to provide
insight into the evolution of logy.
The general approaches used for discrete
characters are those of Hen-
gﬂim ). The allozymic and other mole-
approaches to be used were recently
reviewed by Throckmorton (1978) and some
general methods applicable both to allo-
zymic and morphometric data are considered
by Mickevich (1978) and Larson (1980).

A Eirst step is the generation of phy-
logenetic hypotheses from one set of data,
a:ﬂthesecmﬂisd’xemimofdwae
hypotheses by coopar: with another, or
several, sets of data. Those individuals
who work with prosophila are fortimate to
have phiylogenetic hypotheses well worked
out from clramsome irversion distribu-
tions. Most of the rest of us have had
to use morphology alone for the generation
of phylogenetic hypotheses. When it is
the evolution of morphology, or the adap-
tive history, of groups that we wish to
discuss, the argument quickly becomes cir-
cular, or, at a minimm, self-serving.
Allozyme information offers the possibi-
lity of generating phylogenetic hypothesis

t of motpho

. If we can find
yet another way of tes the phylogene-
tic hypothesis based on allozymes, we

then have & method for examining the ad-
aptive history of groups.

One approach is illustrated in figure
2. This is an analysis by Wake and asso-
ciates (1978) of correlated variation in
discrete allozymes, using the same logic

Wake

as that of Throckmorton (1978) for a method
he called covariation enalysis. This is a
method whereby ancestral and derived allel-
es are identified, and the derived ones
used to develop a phylogenetic hypothesis.
Any allele that occurs in all species of
a taxon is ancestral. In addition, any
allele that is found in a related outgroup
and one or more of the species is consid-
ered to be ancestral. This is an academic
issue as far as Hydromantes is concerned,
for no other salamanders are sufficiently
closely related to constitute an appropri-
ate outgroup. In any large data set, con-
flicts immediately arise, and a variety of
phylogenetic hypotheses can be generated
rather easily. In general, the greater
the mmber of alleles and the greater the
number of entities, the greater will be
the mmber of potential phylogenetic hy-
potheses. In many instances it will be
impossible to generate one hypothesis that
is definitively the best, in the sense
that it is robustly the most parsimonious.
In order to achieve this status a hypoth-
esis should require several fewer evolu-
tionary events than campeting trees, and
should be relatively immme to change
wil:htheagditionofunre loci or the w-
covering of undetected variation by more
sophisticated teclmiqua. 4

The genus Aydromantes includes five
species, three of which occur in Calif-
ornia. The other two are the only pletho-
dontid salamanders in the Old World and
they occur in extreme southeastern France
Tar The lineage Intorpecsing 1oe heea

. at the Ameri-
can species and the lirmgesh%ssoeiated

species each display
from six to nine unique, fixed alleles
(fig. 2). The question is whether the Eu-
ropean specles form a distinct clade, or
if, instead, H. geret from Sardinia is
nore closely related to the American spe-
cles than to #, italicus from the Burop-
ean mainland? Each of these hypotheses is
supported by data from three alleles. The
three joining #. genei and #. italicus are
fixed in both species, The three joining
H. genei and the Americen specles ara not
fixed in all populations investigated, and
one is absent in some populations of the
Americsn species.

We tested the hypotheses by using the
t molecular method of micro-com-
plement fixation, an imamological techni-
que using antisera prepared to albumin (in
the present instance), The mean recipro-
cal imamological distance (ID) between
Hydromantes genel and the American speciles
1s 44.3 + 7.3, and the one-way ID from the
American species to #. italicus is fairly
close to this (49; the comparable one-way
ID to H. genei is 48). In contrast, the
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Fig. 2. Analysis of correlated var-
iation in eleven allozymes in the
plethodontid salamander germs Hyd-
romantes, based on Wake et al.
(1978). Discriburion of allgszyni::.lc
elec hs among speciles -
Sicaced. For allosysas 1 md 2,
different electromorphs of the same
allozyme are fixed in the American

and European species, respectively.

one-vay 1D from #. genel and #. italicus
is only 15 {(Maxon & Wake, unpubl. data).
The hypothesis that K. genei is tore
closely related to the American species
of #ydromantes than to K. italicus is re-
jected.

In this instance the available morpho-
logical data are in concordance with the
picture developed from molecular data.

The American species share a peculiar mis-
cular arrangement in their tail base, as-
sociated with use(oE the mtt.f:i n]_;?z?
motory appendage (Serra & S .
and the Europesn and American species each
aha:emiquean- ements of the anterior
cranial elements of the skull (Wake 1966).

Hydromantes illustrates an instance in
which iﬂlgistic malysigo g‘i :illd:zzgu:s and
morpho correspends ta on
albumin evolution (essentially phenetic at
this point) and biogeography, giving a
reasonably well-rounded picture of the
phylogenetic history of the group.

Recently another group of five species
has been analyzed. The gerus Aneides in-
cludes three species from the west coast
of North America, one from the mountains
of New Mexico, and eme from the southern

reglon of eastern United
States. Its close relative, Plethodon,
also occurs in eastern Nerth Amevica, re-
stricted portions of the Rocky Mountains,
and along the west coast from northern
California to southern British Columbia,
These genera have been well studied from
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& mumber of perspectives, including mor-
phology, allozymes, and ticro-complement
fixatrion, and details are published else-
where (Larson et al. 1981).

The five specles of Aneides are surpris-
ingly remote from one another in allozymes,
and all two-way genetic distances approx-
iuutearexceedio. The species were so
remote that covariance gnalysis of allo-
zymes was of little value.

Immmologically, Aneides is closer to
the western assemblage of Plethodon than
the latter is to the eastern assemblage of
Plethodon, Larson et al. (1981) suggest
that Plethodon is a paraphyletic taxon.

Curicusly, the species of plethodon are
all similar in details of osteology, as
well as being generally similar in exter-
nel morphology and ecology. They are
woodland salamanders of terrestrial habi-
tats. In contrast, Aneides is sharply
distinct from plethodon in many aspects
of osteology, and its species all have
arboreal tendencies; some of the species
are strongly arboreal.

The major morphological features dis-
tinguishing Aneides from Plethodon are
specializations associated with the jaws
and feeding, and another serles of spe-
cializations assoclated with the append-

es and locomotion. At the base of each

these series of specializations is a
single "key imnovation': for feeding
mechanisms, the fusion of the premaxillary
bones and for locomtion the resrrangement
of the carpus end tarsus. The premaxil-
lary fusion is the first of a series of

strengthening specializations that are as-
sociated with enlarged, specialized dent-
ation. Carpal and tarsal rearrangements
are associated with redistribution of
forces in the hands and feet leading to
the evolution of grasping capahilil:ies
and climbing, Both imnovations irvolve
relatively simple developmmtal changes,
and could have occurred quickly, Al-
though simple developmemtally, the co-
ocecurance of these unrelated features had
profound adaptive significance for these
salamanders.

The combined molecular data strongly
suggest that Aneides is relatively old,
but not nearly so old as plethodon. Ane-
ides, a8 a , 1s between 24 and 38
myr old, Plethodon is between 48 and
64 myr old (see larson et al. 1981; Max-
son et al. 1979; Maxson & Maxaon 1979;
Wilson et al. 1977, for rationale and
discugsion of viming). Only during a re-
latively brief period {about 2.3 myr, us-
ing the immmological data, and about 9
myr, using the allozyme data) was the com-
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mon Aneides lineage inmvolved in adaptive
morphological evolution. The two key in-
novations appeared nearly simultanecusly
(relative to the age of the genera) and
this has been follawed by a period of
%tadual adapeation in the sublineages

ead to the five extant species. While
the allozymic and immmological data are
of little value in analyzing the phylo-
genetic history of the species of aneides,
cladistic analysis of osteclogical daca
generated an apparently robust hypothesis
of interspecific relationships that 1is
not refuted by the molecular data.

Sametimes genetic differentiation is
inadequate to permit covarisnce analysis
of allozymes, but we can still use the ge-~
netic distances to provide some informa-
tlon on sequence of divergence if we
hardle the data carefully (and, of coutEe,
keep in mind Throckmorton's (1978) warning
about the use of genetic distances for
time estimates). The Fitch and Margoliash
(1367) method of construceion of phylo-
genetic trees is used with a matrix of
Rogers' (1972} genetic distance (a metric)
for this porpose, In one recent example,
Larson (1980) studied geographic variation
in allozymes In Aneides Flavipunctatus in
California, Coastal populations of thig
salamander resemble one another in coler-
ation and ioms, and Lynch (1981)
has suggested that this similarity is the
result of sis. There are two
implicit hypotheses. Either the
logically similar populations are close
phyletic relatives, the standard explana-
tion in the absence of evidence to the
contrary, or they have evolved their re-
latively camplex morphologies in parallel
as a result of a single developmental
phenomenon that has many correlated mor-
phological manifestations. Phylogenetic
analysis of genetic distances suggested
that the latter hypo:h%sis :hf i:hellmref
appropriate. Apparently complex o
morphological features attributed to
paedoorphosis evolved at least twice with-
in the species.

The characters studied in
Aneides flavipunctatus relate directly to
protective coloration and feeding (Lynch
1974, 1981). Frequently general external
morphological features of salamanders are
thought to be directly related to ecologi-
cal adaptation. However, we now have evi-
dence that at least in some groups appar-
ently adaptive morphologles might be very
ancient. The eastein assemblage of Pleth-~
adon has lunﬁ been informally divided into
"large" small" groups (e.g., Highton
1962). Many wotkers have suggested that
the primicive morphology for Plethodon is
that found in the eastern species,
but Highton has argued that the small,
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slender eastern species, which closely
resenble some species in the western Uni-
ted States, probably preserved the primi-
tive morphology. Molecular evidence is
now strong that the eastern small species
de not form a natural group. The b,
wallerd group is closer to the eastern

e Plethodon than to the other eastern
small plethodon on immmological grounds
(Maxson et al. 1979}, and on the basis of
allozyme evidence as well (Highton & Lar-
son 1979), The genetic distances are
great and thus somewhat suspect for this
kind of use. The great gemetic distance
(nearly 2.0} between p. webster: and the
essentially identicel, parapatrically di-
stg:;.‘;l)mtad P, dorsalis g.arm & Hiphten
1 argues strongly for primicive-
ness of their external morphology.

A final exanple in which a supposedly
derived morphology can be demnstrated to
be relatively ancient is the case describ-
ed by Y&nevl (1978, 1980) in satrochoseps.
The very slender, al te gpecies of the
gemus were long tlnxgrﬁ'%a to be conspecific;
we now lmow that they are separated by re-
latively enormous genetic distances on the
order of 1.5. Individual slender species
are mich more clogely related to some
large, robust, and presumable primitive
species (for example, the slender 8, nig-
riventris and the robust 5. simetus) than
they are to other slender species (5, at-
tenuatus). Marlow and associates (1979)
have suggested that the robust species of
Batrachoseps might be derived from slen-
der, relatively paedamorphic ancestors
sindlar to present-day B. attenuatus and
B. nigriventris a process immol-
ving reactivation of developmental pro-
grams "tumed off" in the past.

As our Imowledge of full lineages be-
comes more complete I expect that we will
find other instances in which we have been
decelved by our idess concerning what is a
recent and what 1s an ancient morphology.
Fteg\mtly we think in terms of specializ-
ed forms represmth'%urecmt adaptation te
pﬂr‘:smt mie timgé hi;h.{t tiay well be

t species ean ¥y specialized in
morphology and yet have sufficient general
adaptation to persist almost unchanged for
tens of millions of years. If taxonomists
persist in current trends to eliminate
paraphyletic taxa, we will be in for same

t changes in taxonomy at the generic
ml. for taxoremists of the pas% frequ-
ently united species on the basis of ap-
pearance alone. The danger will be great-
est for some of the groups that have re-
tained gensralized, but distinctive morph-
ology (as in Fiethedon), but have subline~
agesmichhavegivmriaemhighlymec-
ialized, derivative lineages with entirely
different adaptations (e.g., Anaides).
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In the Amphibia, but also in other phyla
in which the phenomenon has been less
thoroughly studied, the relation between
ontogeny and phylogeny (e.g., Alberch et
al. 1979) can be of extremely great impor-
tance, The possibility that morphologic-
ally specialized lineages can give rise to
forms that have the more generalized mor-
phology of their ancestors will only be
detected through the application of mole-
cular techniques, and of these the most
generally useful irvolves analysis of
allozyme data.

CONCLIISIONS

Historically the evolution of morpho-
logy has been analyzed through the use of
morphology alone, This has involved a
great deal of subjectivicy in most in-
stances, for tests of morphological hypo-
theses have been difficult or impossible.
Electrophoretic techniques have become an
important new component in morphological
studies. When integrated in a systamatic
program of investigation, traditional and
molecular methods greatly increase the
potential for hypothesis generation and

testing.
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