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GENETIC DIFFERENTIATION AMONG PLETHODONTID
SALAMANDERS (GENUS BOLITOGLOSSA)
IN CENTRAL AND SOUTH AMERICA:
IMPLICATIONS FOR THE SOUTH
AMERICAN INVASION

JAMES HANKEN AND DAvVID B. WAKE

ABSTRACT: An electrophoretic survey of proteins from 14 populations representing eight
species and two species groups of Central and South American Bolitoglossa examines patterns
of intraspecific and interspecific genetic differentiation and the possible implications of these
patterns for the question of the time of entry of plethodontid salamanders into South America.
These species are very old, as evidenced by the great genetic differentiation among species
{(including presumed close cladistic relatives), the high degree of genetic subdivision within
species, and the very high levels of genetic variation within individual populations. The fre-
quency of polymorphic loci and mean heterozygosity recorded for some populations, particularly
the Costa Rican species B. subpalmata, may be the highest levels yet recorded for vertebrates.
Cluster analysis based on degree of genetic relatedness reveals only a weak distinction between
South American and Central American species; furthermore, many component lineages may
predate the establishment of the continuous, permanent Pliocene land connection between Pa-
nami and Colombia. Thus, the recent South American fauna likely comprises descendants of
several lineages that independently entered South America. Lastly, a specimen of B. pandi
collected recently in Colombia indicates that this species, which previously was known from a
single spec1men collected near the turn of this ¢entury and feared extinct, still survwes
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SALAMANDERS present a classic exam-
ple of a Holarctic distribution; eight of
the nine extant families are found almost
exclusively in the temperate regions of
Europe, Asia, and North America. Only
the supergenus Bolitoglossa, which com-
prises seven genera of the highly derived
family Plethodontidae, has penetrated
- tropical latitudes to any significant de-

_gree, and on_ly in the New World (Wake .

and Lynch, 1976). Bolitoglossa and Oed-
ipina, two genera distributed mainly in
Central America, have representatives in
South America, and the range of Bolito-
glossa extends as far as 17°S (Brame and
Wake, 1963; Wake and Brame, 1966).
However, while the South American sal-
amander fauna is considerably richer
than is generally acknowledged and oc-
cupies an enormous geographical area
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(including much of the Amazon basin),
fewer than 30 species are found in the
entire continent, a number apparently no
greater than that occurring in the small
neighboring country of Panama alone.

It is generally accepted that salaman-
ders entered South America by dispersal
from southern Central America, but the
number of separate invasions of South
America and their timing are debated.
There are no fossils from tropical areas,
so it has been necessary to infer details
of the South American ingression indi-
rectly from two sources: (1) the relative
degree of morphological differentiation
of related groups living on either side of
the former gap between what is now low-
er Central America and northern South
America, and (2) geologic evidence.
Dunn (1926), in the first comprehensive
discussion of this problem, suggested
that the trans-isthmian migration of
plethodontid salamanders occurred from
the late Miocene to the Pliocene, or as
much as 12-15 million years ago. Ideas
of fixed continents prevailed in Dunn’s
time, and his suggestion reflects then-ac-
- cepted dates of the establishment of a
land connetion between the two Ameri-
can continents. Darlington (1957) pro-
posed that salamanders entered South
America following a mid to late Pliocene
land connection. Recent studies which
incorporate views of continental drift es-
timate a permanent land connection be-
tween Panama and South America begin-
ning 2 to 5 (Woodring, 1966), 5 to 7
(Holden and Dietz, 1972), or approxi-
mately 3 (Keigwin, 1978; Marshall et al.,
1979) million years ago, thus supporting
the notion of a later, Pliocene crossing.

- Brame and Wake (1963) proposed mul-
tiple invasions of South America by sal-
amanders of several different lineages,
beginning in the late Pliocene and ex-
tending into the Pleistocene. Their sug-
gestion was based on the differing de-
grees of morphological similarity between
many South American taxa and their pre-
‘sumed Central American relatives. Brame
and Wake argued that most of the recent

Bolitoglossa fauna is derived from sev-
eral lineages which separately invaded
South America relatively early and in ad-
vance of a much more recent entry by
Oedipina and the phalarosoma group of
Bolitoglossa.

Wake and Lynch (1976) subsequently
modified this hypothesis, suggesting that
as few as two large-scale movements are
sufficient to explain the present distri-
bution of salamanders in South America.
The initial invasion from southern Cen-
tral America, quickly following the clo-
sure of the Panamanian (Bolivar) Portal
in the mid to late Pliocene, was made by
a morphologically generalized Bolito-
glossa possibly resembling B. savagei of
montane northern Colombia; an adaptive
radiation by descendants of this single
stem lineage, producing the relatively
great morphological and ecological di-
versity that is displayed by the recent
South American fauna, was then evolved
in situ. The second, and much more re-
cent, movement across the isthmian land
connection by Oedipina, moving south,
and members of the B. phalarosoma and
B. sima species-groups, moving north as
far as western Panama, would account for
the present distribution of the remaining
South American salamander element in
the isthmian region. A third possibility—
and, to our knowledge, one not yet for-
mally proposed—is that one lineage of
Bolitoglossa and ome of Oedipina en-
tered South America soon following clo-
sure of the Panamanian Portal. The for-
mer underwent considerable speciation
and morphological diversification, the
latter did not. .

Biochemical techniques have been
used to analyze the effects of the estab-
lishment of the isthmian land connection
on the distribution and diversification of
marine groups, including fishes (Gorman
and Kim, 1977; Gorman et al., 1976; Vaw-
ter et al., 1980) and sea urchins (Lessios,
1979, 1981). These procedures are partic-
ularly valuable in providing an indepen-
dent assessment of alternate hypotheses
of phylogenetic relationship that are de-
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Fic. 1 ——~Map showing collection localities of Bolitoglossa in southern Central America and northwestern
‘South America. 1-5, B. subpalmata; 6, B. marmorea; 7, B. mgrescens 8—9 B. adspersa; 10-11, B. valle-

; 'cula 12, B. pandi; 13, B. borburata; 14 “Soacha,”

rived from other sources, such as mor-
phology. Thus, we took advantage of the
recent collection of representatives of
-several species of Bolitoglossa from
northern South America—where most
salamander species generally are rare or
otherwise difficult to obtain—to make
electrophoretic comparisons with conge-
ners from Panama and Costa Rica. Our
South American sample includes repre-
sentatives of the largest and most diverse
of the five species-groups of Bolitoglossa
found on the continent; our Central

American sample includes members of

one of the five closely related species-
groups of Bolitoglossa occuring from
western Panama to México. We hoped to
identify implications of the biochemical
data for the biogeography of salamanders

- in the isthmian region, but because we
lack samples of other species groups. of.

Bolitoglossa, and QOedipina, we cannot
fully resolve the biogeographic ques-
tions. Nevertheless, we can examine the
genetic relationships among a number of
South and Central American species as a
first step in identifying the origins of the
entire South American salamander fauna.
Specifically, our goals are: (1) to deter-
mine the patterns of intraspecific and in-
terspecific differentiation in South Amer-
ican and in Talamancan Central America,
(2) to examine the possibility that the
South American species show a uniform

degree of genetic differentiation relative

to those in Central America, as would be

-expected if all South American Bolito-

glossa are derived from a single lineage

-with respect to Central American species,

and (3) to estimate divergence times be-
tween taxa in order to date the entry of

_ salamanders into South America.
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TABLE 1.—Populations of Bolitoglossa included in electrophoretic analysis.

Population Species Locality Sample size
1 B. subpalmata Volcin Pois, Costa Rica 7
2 B. subpalmata El Empalme, Costa Rica 11
3 B. subpalmata 22 km S of El Empalme, Costa Rica 16
4 B. subpalmata 6 km W of Villa Mills, Costa Rica 4
5 B. subpalmata Villa Mills, Costa Rica 19
6 B. marmorea Volcan Chiriqui, Panama 16
7 B. nigrescens Volcan Chiriqui, Panama 3
8 B. adspersa Cruz Verde, Colombia 20
9 B. adspersa Guasca, Colombia 20

10 - B. vallecula San Felix, Colombia 20
11 B. vallecula Santa Rosa, Colombia 1
12 B. pandi Alban, Colombia 1
13 B. borburata Rancho Grande, Venezuela 1
14 “Soacha” - Soacha, Colombia 6

MATERIALS AND METHODS

_Three Central American and five South
American species of Bolitoglossa were
represented in the analysis (Fig. 1; Table
1). The Central American sample repre-
sented five populations of B. subpalmata
from Costa Rica (one from Volcan Poas
[the type locality] and four from the Cor-
dillera de Talamanca [these populations
‘variously have been assigned to B. pes-
rubra and B. torresi, but are assigned to
B. subpalmata by Vial, 1968]), one pop-
ulation of B. marmorea and one popula-
tion of B. nigrescens. All three Central
American species belong to the subpal-
mata species-group. The South American
sample represented two populations of
B. adspersa from the Cordillera Oriental
of Colombia, two populations of B. val-
lecula from the Cordillera Central of Co-
lombia, one population of B. pandi from
the Cordillera Oriental of Colombia, one
population of B. borburata from near
Rancho Grande from the Cordillera de la
Costa, Venezuela, and one population of
an undescribed species from the Cordi-
llera Oriental of Colombia. The latter
species will be referred to by its locality
{(i.e., “Soacha”). All five South American
species are members of the adspersa
group (Wake and Lynch, 1976). Sample
sizes varied from 20 in several popula-
tions to only single specimens for others

(Table 1). Our single specimen of B. pan-
di is only the second specimen of this
rare species ever collected (see below).
The sample of B. nigrescens extends the
known distribution of this species, which
previously was known from a single spec-
imen from the Cordillera Central of Costa
Rica (Taylor, 1949).

- The electrophoretic data comprise a
survey of 18 presumptive loci which
were assayed using standard horizontal
starch gel electrophoresis and staining
procedures (Ayala et al., 1972; Harris and
Hopkinson, 1976; Selander et al., 1971;
Table 2). Salamanders were collected in
the field and transported living to the lab-

~oratory. Animals were sacrificed and

whole tissue samples were stored at —76
C until used. Tissue samples consisted of

aqueous extracts of viscera and of the

musculature of the ventral body wall. Al-
leles are designated by letters, with a
being the fastest migrant. Polymorphism
estimates were based on all observed
variants, and heterozygosities were re-
corded from direct counts. Carcasses

‘were retained as voucher specimens and

have been deposited in the Museum of
Vertebrate Zoology.

Two standard estimates of genetic dif-
ferentiation between populations, Nei's
D (Nei, 1972, 1978) and Rogers” § (Rog-
ers, 1972), were computed from observed
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TaBLE 2.—Electrophoretic methods.

Locus Buffer " No. of electromorphs -
Aconitase (Acon) TC7.0 3.
Adenosine deaminase {Ada) ™ 7
Glucosephosphate isomerase (Gpi) GPI Phosphate 6
Glutamate oxaloacetate transaminase (Got) TC 7.0 7
Glyceraldehyde phosphate dehydrogenase (Gapdh) TC 8.0 5
Clycerol-3-phosphate dehydrogenase (a-Gpd) TC 8.0 4
Isocitrate dehydrogenase-1 (Idh-1) TC 8.0 8
Isocitrate dehydrogenase-2 {(Idh-2) TC 8.0 5
Lactate dehydrogenase-1 (Ldh-1) Poulik 8
Lactate dehydrogenase-2 (Ldh-2) Poulik " - 3
Leucine aminopeptidase (Lap) TC 7.0 3
Malate dehydrogenase-1 {Mdh-1) TC 7.0 6
Malate dehydrogenase-2 (Mdh-2) TCT7.0 5
Mannose phosphate isomerase {(Mpi} TC 8.0 3
Phosphoglucomutase (Pgm) TC 7.0 7
Peptidase-1 (Pep-1} GPI Phosphate 7
- Peptidase-2 (Pep-2) GPI Phosphate 6
Superoxide dismutase (Sod)} Poulik 6

electromorph frequencies. Dendograms
were derived from matrices of D using
UPGMA (Sneath and Sokal, 1973) and
from matrices of 1 — S (= Dg) using the
methods of Fitch and Margoliash (1967)
. and of Wagner (Farris, 1967 1970; Kluge
and Farris, 1969).

RESULTS
Electrophoretic Variation

Electromorph frequencies at 18 loci
were surveyed (Table 3). No locus is
- fixed for the same electromorph in all
populations, nor does any single variant
of a given locus even predominate in all
populations. The frequency of polymor-
phic loci per population ranges from 11.1
to a very high 77.8 percent. In two pop-
ulations the number of electromorphs per
locus ranges as high as 5 (Pep-1, popu-
lation 2; Pep-2, population 10), while the
number of electromorphs per locus av-
eraged across all populations, including
those with sample sizes of one, varies
from 1.1 (Gapdh) to 2.3 (Pep-2). Mean
heterozygosity per population ranges
from 0.058 to 0.278. The above maximal
values greatly exceed those previously

recorded for natural populations of ver- .

tebrates (Nevo, 1978).

Genetic Differentiation
Estimates of genetic differentiation

-among populations are also great, wheth-

er considered within the entire sample,
within geographic regions, or within sin-
gle species (Table 4). Overall, interspe-
cific measures of Nei's D range from 0.25
(“‘Soacha” to B. adspersa from Guasca) to
nearly 2.30 (B. pandi to population 4 of
B. subpalmata); comparisons among
Central American or South American
species commonly exceed D = 1.0.
Intraspecific comparisons within South
American species (B. adspersa, B. valle-
cula) indicate only slight differentiation
(maximum D = 0.069), but genetic dis-
tances among the five populations of B.
subpalmata in Costa Rica are as great as
D = 0.627. The pattern in B. subpalmata
resembles an “‘isolation by distance”
phenomenon—genetic distance general-
ly increases with geographic distance be-
tween any two populations—although
the geographic distance needed to
achieve considerable genetic differentia-
tion may be slight {e.g., D = 0.286 for
populations 2 and 4, which are separated

by only a few km). These high estimates

of genetic differentiation among popula-
tions of B. subpalmata are associated



TABLE 3.—Electromorph frequencies.
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Tone L ow S 00y (g Pomien Seae e
Electro- Gl Vi MY wn EE BR P Bl e
Locus marph 1 2 3 4 5 6 70 8 97 Tlo 11 12" 13 14 perlocus
Aconitase a 0.07 1.0 0.94 1.0 0.87 1.0 085 1.0 1.0 14
i b 050 1.0 1.0 0.15 1.0
e 0.93 0.06 0.13 0.50 ‘ 1.0
‘Adenosine a 0.94 1.5
deaminase b 0.03
c 016 025 016 006 1.0 1.0 0.95 1.0 1.0
d 1.0 :
e : - 005 097 1.0
f 050 1.0 084 075 085 '
_ g . 050 '
Glucosephosphate a 0.05 0.18 0.11 1.0 1.0 1.0 1.6
isomerase b : 1.0
c 1.0 095 081 087 089 094 097 1.0 © 0,50
d 0.13 0.06
e 0.83 0.03 0.50
f 0.03 0.17
Glutamate’ a ; 0.94 (.25 1.9
oxaloacetate b 0.09 0.03 :
transaminase c : 023 060 050 .
d 1.0 073 044 0.05 003 10 1.0 1.0 0.92
e \ 0.18 L0 052 040 050 :
f 018 056 1.0 0.74
g : ' 0.03 0.08
Glvcerol-3-phosphate a 0.06 0.13 14
dehydrogenase b 1.0 1.0 094 1.0 081 1.0 0.08
c 0.03
d 0.03 1.0 1.0 092 1.0 1.0 1.0 1.0 1.0
Isacitrate ‘ a 0.71 L7
dehydrogenase-1 b 0.16 0.13
o 0.67
d. 1.0 1.0
e 029 095 068 037 063 0.25 1.0
f : 1.0 097 1.0
g 005 0.16 050 037 0.75 1.0 0.33
h 0.03
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TABLE. 3.~~Continued.
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Ay - - - L L L electro-
Electro- Y VA ., [0V merphs
Locus morph 1 2 3 4 5 6 7t 8 9 10 11 12 13 14 perlocus
Isocitrate a . . 1.0 1.3
dehydrogenase-2 b : ‘ 0.59 '
¢ 1.0 1.0 1.0* 10 1.0 041 1.0 1.0 0.1¢ 050 1.0 -
d ' 0.08
e 1.0 082 1.0 0.50
Lactate a 0.79 0.59 031 ' Lo 1.8
dehydrogenase-1 b 0.03 _
c ' 1.0 1.0 :
d 0.26 1.0 1.0 1.0 1.0
e 0.18 025 013
f 0.09 1.0
g 021 023 035 062 050 1.0
h 025 021
Lactate a 038 0.13 005 047 1.0 1.0 . 005 1.0 1.0 14
dehydrogenase-2 b 1.0 - 10 062 087 095 053 1.0 0.90 1.0 L0
c : 0.05
Leucine a 1.0 066 062 0.26 : : 14
aminopeptidase b 1.0 034 038 071 1.0 1.0 1.0 1.0 082 1.0 1.0 1.0 10
c 0.03 ' 0.18 :
Malate a . 013 10 14
dehydrogenase-1 b 0.25t 041 075 0.53 .
’ ¢ S : 1.0 1.0 1.0 1.0 1.0 1.0
d 1.0 0.55% 059 025 0.34 '
e 0.203
f 1.0 1.0 -
Malate a 0.17 1.0 1.0° 0.05 , 1.2
dehydrogenase-2 b : : 1.0 1.0
- c 091 1.0 10 1.0
d 0.83 095 1.0 10
e 1.0 1.0 . 0.09 .
Mannose a 0.08 1.5
phosphate b 0.07 10 1.0 1.0 392 1.0 0.03
isomerase ¢ 070 1.0
d 0.93 1.0 1.0 0.92 ° 0.30 050 10 .92
e 0.05 ‘ 0.50 0.08
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TABLE 3.—Continued.

T
'F' . e (i VR Population S T . L . No 2
Locus morph 1 2 3 4 5 6 7 8 9 10 11 12 13 14 per locus &
Peptidase-1 a : 0.04 : 18
‘b 036 041 ' '
c 064 0.18 :
d 023 0.18 ) - 078
e - ‘ ] 0.06
f 014 072 1.0 1.0 003 1.0 005 . 1.0
g .09 0.13 095 1.0 1.0 1.0 1.0 1.0
Peptidase-2 a 0.09 0.97 : 2.3
b ' 050 0.09 025 008 0.03 0.27 050
c 093 018 0.09 1.0 077 085 0.28. 1.0 1.0
d 0.07 023 066 075 084 023 015 0.27 1.0
e 0.08 0.50
f 0.16 0.08 o 0.10 as)
=
Phosphoglucomutase a 0.20 0.50 033 1.9 g
: b 021 005 019 038 058 095 0.80 ' e
¢ 1.0 : g
d 0.79 090 081 062 042 - 0,05 0.97 1.0 050 1.0 0.50 B
e _ 0.03 ) Q
f 0.05 0.97 _ 0.17 . a
g 0.03 . Q
Superoxide a 1.0 0865 ‘ ‘1.1
dismutase b ‘ 1.0 0.33
c 1.0 : . 0.67
d ‘ : 035 1.0 1.0 1.0 )
e 1.0 Lo 1.0 1.0 1.0
f 1.0
Glyceraldehyde a 10 10 10 10 10 10 1Ll
phosphate b 1.0
dehydrogenase T e 1.0 1.0 1.0 1.0 1.0 1.0
d 0.83
e . 0.17
- % loci polymorphic 444 444 778 50O 722 444 222 278 278 66.7 1.1 111 111 278
- H 0.151 0.183 0.267 0.278 0.225 (0.094 0.222 0.058 0.092 0161 0.111 0.i11 0111 0O.111
*n =13
a =10 §




280

HERPETOLOGICA

[Vol. 38, No. 2

TaBLE 4.—Coefficients of Nei's Distance (above the diagonal} and Rogers’ Similarity (below the diagonal)
between populations.
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0.662
0.579
0.508
0.499
0.267
0.293
0.206
0.223
0.249
0.203
0.245
0.344
0.2586

O 00 =10 UL LD e

0.333

0.753
-0.676
0.696
0.458
0.237
0.199
0.206
0.353
0.348
0.185
0.449
0.255

0.435
0.173

0.843
0.831
0.483
0.213
0.220
0.220
0.314
0.273
0.175
0.395
0.245

0.627
0.2386
0.038

0.876
0.463
0.226
0.202
. 0.185
0.293
0.262
0.133
0.358
0.189

0.622
0.248
0.069
0.032

0.466
0.261
0.254
0.242
0.318
0.283
0.163
0.399

1,366
0.762
0.701
0.751
0.709

0.183
0.136
0.162
0.237
0.230
0.122
0.207
0.156

1.267
1.561
1.662
1.600
1.463
1.824

0.320
0.323
0.321
0.299
0.353
0.505
0.417

0.233

1.702 1.694
1.800 1.861 1.145
1.626 1.720 1.325
1.706 1.899° 1.359
1.396 1.555 1.287
2.086 1.500 1.563
1122 1.125 1.146
0.069 0.£56
0.740

1.515 1.739
1.130
1.390
1.396
1.329
1.524
1.248
1.131
0.897
0.023

1476 1.008
1.879. 0.742
1.932 0.826
2.297 0.969
2.038 0.852
2.284 1.626
1.031 0.654
0.533 1429
0.575 1.460
1.014 0.638
1.128 0.754
1.447

1.354
1.518
1.536
1.920
1.699
1.967
0.852
0.254
0.245
0.927
1.105
0.284
1.232

0.882
0.371
0.325
0.564
0.234
0.746

0.454
0.410
0.547
0.235
0.753

0.912
0.364
0.474
0.388

0.328
0.459
0.341

0.237

0.722 0.293

with exceptionally high levels of genetic
variability overall. Specifically, 15 of the
18 loci examined are polymorphic in at
least one of the five populations of this
species, and as many as seven electro-
morphic variants occur at a single locus
(Ldh-1; mean for all loci = 3.3).

South American populations are not
clearly differentiated as a group from

those in Central America. Although the

average pairwise genetic distance be-
tween South American species and those
in Central America is greater than the av-

- erage pairwise distance among the South -

American species themselves (D = 1.45
versus D = 0.80), certain individual
 species are most similar genetically to
species on the opposite side of the isth-
mian link. Specifically, B. nigrescens
from western Panama showed a slightly
- lower average genetic distance to the
- South American than to the other Central
‘American populations (D = 0.83-1.25,
% = 1.03; versus D = 1.27-1.82, x = 1.3).
This species and B. borburata from Ven-

-ezuela are closer to each other than either

is to any other species.

Because of the diverse nature of our
sample and the unexpectedly great ge-
netic differentiation observed among

many populations, analysis of patterns of -

shared electromorphic variants (Wake et
al., 1978) is appropriate for only a few

comparisons. For example, the two pop-
ulations of B. adspersa show a fixed vari-
ant difference at only one locus (Idh-1);
these populations share the most com-
mon variants at all other loci, although a
few unique variants occur at low fre-
quency in each population. The Santa
Rosa population of B. vallecula, although

-tepresented by only a single specimen,

closely resembles the much larger con-
specific sample from San Felix (D =
0.024); all of its electromorphs are rep-
resented in the larger sample.

The five populations of B. subpalmata
present a complicated pattern of variant
sharing because of their extreme genetic
variation and relatively great genetic dif-
ferentiation. They share only oné unique
fixed variant (Sod), but 13 additional
electromorphs absent in other species are
shared by at least two, and often all, of
the five populations. Interestingly, these
populations from Costa Rica share a num-
ber of electromorphs with the morpho-
logically distinct B. marmorea from west-
ern Panama (the minimal D to B.

marmorea is only slightly greater than

the maximal value among populations of
B. subpalmata—0.70 versus 0.63). Pop-
ulation 1 from Volcan Poas does not differ
from the four remaining conspecific pop-
ulations in any fixed variant, but major

frequency differences at several loci
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{e.g., Idh-1, Acon-1, Pep-2) contribute to
a relatively large average genetic dis-
tance to these populations (0.50). Popu-
lation 2 is closer to population 1 than is
any other sample of B. subpalmata, and
it is geographically also closest geneti-
cally. Populations 2, 3, 4 and 5 are geo-
graphically close and, not surprisingly,
share many variants. However, even such
nearby populations as 4 and 5 show major
differences in electromorph frequency at
some loci (e.g., Ldh-1, Gpd, Got-1). This
phenomenon is particularly striking in
the case of populations 2 and 3 which are

genetically well differentiated (D = 0.17),.

vet are separated by a map distance of
less than 22 km. Given the small geo-
graphic distance involved and the exis-
tence of continuous suitable intervening
habitat, the differentiation between these
populations must be judged as great.

Di1sCUSSION

North American plethodontid salaman-
ders consistently display high levels of
genetic differentiation among popula-
tions, both within and between species
(e.g., Duncan and Highton, 1979; Feder
et al., 1978;. Highton and Larson, 1979;
Larson, 1980; Larson and Highton, 1978;
Larson et al., 1981; Tilley and Schwerdt-
ferger, 1981; Tilley et al., 1978, Wake et
al., 1978; Yanev, 1978). Frequently, com-
parisons of congeneric species yield val-
ues of genetic distance that exceed those
seen between genera of other vertebrate
classes. Based on these large levels of
differentiation, and the presumed great
amount of time required to attain them,
many North American plethodontid taxa
are judged to be of great antiquity.

Bolitoglossa of Central and South
America demonstrate a similar pattern.
For example, genetic differentiation
within B. subpalmata is great (see above
and Table 4). The maximal D among pop-
ulations is 0.627, a value larger than that
recorded for many sympatric species of
the genus Plethodon (Highton and Lar-
son, 1979). It might be argued that B.
subpalmata is a superspecies {sensu

Mayr, 1970) rather than an old, geneti-
cally well-differentiated species; indeed,
the populations from the Talamancan re-

gion; have been placed in separate

species by some authors, based on slight
differences in external coloration (B. pes-
rubra and B. tforresi, Taylor, 1952). How-
ever, Vial (1968) concluded that all pop-
ulations are conspecific because of the
lack of morphological features distin-
guishing any population. The electropho-
retic data support Vial’s conclusions. Al-
though genetic differentiation in many
pairwise comparisons is great, the overall
pattern of relationships is to be expected
in a species with limited gene flow
among populations. Specifically, the Vol-
can Poas population (1) shows the least
genetic distance to the geographically
closest population in the Talamancan
range (El Empalme, 2}, and there is a
general correlation between genetic dis-
tance and map distance to the remaining
populations. We consider B. subpalmata
a single, yet highly subdivided, species
that has experienced restricted gene flow
among populations in the past.

Bolitoglossa adspersa and B. vallecula,
the two South American species, are
members of the same adspersa species-
group. These species are considered to
be close relatives based on great morpho-
logical similarity and geographical prox-
imity (Brame and Wake, 1963, 1972;
Wake et al., 1970). The two populations
of each species demonstrate little intra-
specific differentiation (D = 0.07 and
0.02, respectively). However, measures
of genetic distance between populations
of these two “sister species’ range from
D = 0.74 to 1.13. Thus, despite relative
morphological similarity, these species
are well-differentiated genetically, sug-
gesting that they have had long indepen-
dent histories.

We examined patterns of genic rela-
tionship among species by constricting
dendrograms, based on genetic distance,
using several different algorithms. The
EVOLVE program written by Walter
Fitch produced Fitch-Margoliash trees
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F16. 2—Dendrogram constructed from matrix of
Dg by method of Fitch and Margoliash. Numbers
refer to populations listed in Table 1. % SD = 8.53.

g BN -

from Dy; the tree with the lowest % SD
(8.33} is illustrated in Fig. 2. In this tree,
South American species cluster apart
from Central American species, with the
exception of B. borburata and B. nigres-
cens which first cluster together before
joining the remaining South American
species. Among the Colombian species,
B. adspersa, B. pandi, and “Socacha” form
a relatively tight cluster which is well
separated from B. vallecula; in the Cen-
tral American cluster, all five populations
ol B. subpalmata join together before
this species joins B. marmorea. A second
tree (not illustrated), with nearly as good
a “fit” using the % SD criterion (Prager
"~ and Wilson, 1978), has the B. borburata—
B. nigrescens cluster first joining B. val-
lecula (populations 10 and 11) rather than
the entire South American cluster (%
5D = 8.93). In constructing the Fitch-
Margoliash trees we were unable to iden-
tify a clear outgroup and, therefore, were
unable to designate a root. Accordingly,
the EVOLVE program rooted the den-
drogram near the center of each tree, as-
suming equal rates of increase of genetic
distance along all branches. However, it
is evident from the branch lengths in Fig.
2 that asymmetries are present. Thus, the
particular root established in these trees
‘may be only approximate.

A Wagner tree based on the matrix of
Dy is illustrated in Fig. 3. The general
similarity to the Fitch-Margoliash tree
(Fig. 2) is striking, although the position
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F1c. 3.—Dendrogram constructed by the distance
Wagner method applied to the matrix of Dy,

of B. borburata and B. nigrescens has
changed; these two species form a cluster
that is an outgroup to all the remaining
species. Marked asymmetries in branch
Iengths from common nodes are common
here also.

A UPGMA tree based on the full mairix
of D is illustrated in Fig. 4. This method
assumes equal rates of molecular evolu-
tion along all branches, an assumption
which, as we have already shown, is not
valid for the Bolitoglossa data set. How-

“ever, we present the UPGMA tree to fa-

cilitate comparison with many studies in
the literature which have used the tech-
nique. There is close similarity to the
other trees (Figs. 2 and 3), with the ex-
ception, once again, of the troublesome
cluster of B. borburata and B. nigrescens
which here is linked to B. vallecula, as
in the second-bhest Fitch-Margoliash tree.

If the hypothesis that all South Amer-
ican species are derived from a single lin-
eage is correct, and if that lineage also
gave rise to the B. subpalmata group in
Central America, we would expect all the
South American species to be clearly sep-
arated as a group from the B. subpalmatu
group. This pattern is never seen, al-
though it is- approached in several trees.
Specifically, three species, B. adspersa,
B. pandi and “Soacha”, cluster together
consistently and appear to represent a
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single lineage which has diversified in
South America. However, because no
consistent pattern of relationship emerges
between the B. nigrescens-B. borburata
cluster and the remaining South and
Central American species, we cannot de-
termine from these data the number of
additional lineages that have separately
-entered South America. Sample sizes for
B. nigrescens and B. borburata are small
(three and one, respectively) and the in-
consistent pattern of relationships of
these species vis-a-vis the remaining
species may be due partly to sampling
error in genetic distance estimates (see
discussion of this problem by Gorman
and Renzi, 1979). Thus, identification of
the true affinities of these species, which
are necessary for a final test of the above
hypothesis, must await the collection of
additional, larger samples.

Observed amounts of genetic differ-
entiation have been used to estimate di-
vergence times between populations.
These estimates are based on the corre-
lation between D and the elapsed time
since separation derived by various in-
direct methods, most frequently micro-
complement fixation of albumin (see
Sarich, 1977; Vawter etal., 1980). For sala-
manders, attempts to calibrate a molecu-
lar “clock” have yielded an estimate of 1
D = 14 million years of separation (Max-
son and Maxson, 1979). At values of D =
1 or more, variance in time estimates is
great, because of this, together with our
demonstration {above) of variation in the
rate of molecular evolution in different
lineages of Bolitoglossa, we can at best
estimate only the order of magnitude of
times of separation rather than precise
timing.

The smallest genetic distance between
any pair of South and Central American
species is D = 0.65 (B. borburata versus
B. nigrescens, both represented by small
samples), yet even this distance far ex-
ceeds those recorded for so-called gemi-
nate pairs of Atlantic and Pacific Ocean
fishes by Vawter et al. (1980) and Gorman
et al, (1976) (maximal D = 0.36 and 0.15,

89 ]» B odsperso
P _,_I g 14 "Soachs”

12 8 pandf
E IIOI} B vallecula

13 B borburata

T B.nigrescens

& B marmoreéa
f T T

.
1.5 [Re .5 o]
Nei's D

& subpaimaio

;b -

FiG. 4—Dendrogram constructed by unweighted
pair-group method {UPGMA) applied to the matrix
of D.

respectively). In these studies, the initial
divergence between species pairs was
attributed to the closure of the Panama-
nian Portal. In fact, most pairwise com-
parisons between South and Central
American species of Bolitoglossa yield
much higher values. The mean genetic
distance between trans-isthmian species
(excluding that between B. borburata
and B. nigrescens) is approximately D =
1.3; based on the calibration of genetic
distance with time that is claimed for oth-
er salamander genera (Maxson and Max-
son, 1979), this represents a divergence
time between the faunas of South and
Central America of over 18 million years.
Even allowing for the increased variance
at this large genetie distance, this sug-
gests that divergence between South and
Central American faunas likely preceded
the closure of the portal. Further support
is provided by the unexpectedly large
estimated divergence times among South
American species. For example, the ge-
netic distance observed between popu-
lations of the morphologically similar
species B, adspersa and B. vallecula
(D =0.74-1.13) corresponds to a diver-
gence time on the order of 10-15 million
years. ’

No recent author has estimated a time
of origin of the permanent land connec-
tion between Central and South America
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¥1G. 5.—Bolitoglossa pandi, second specimen of this poorly known species, collected near Alban, Cun-

dinamarca, Colombia. Scale is 25 mm,

greater than about 7 million years ago
{see above). Thus, these divergence
times (1) are discordant with an hypoth-
esis that cladogenic events were corre-
lated with the establishment of land con-
tinuity between the two American
continents in the late Pliocene, and (2)
imply that most lineages, and even some
extant species, in our sample were in ex-
istence prior to the establishment of land
continuity. Assuming that these diver-
gence times are accurate, we suggest that
several lineages (even within what we
now call the B. adspersa species-group)
existed in southern Central America by
the early Pliocene; many of these lin-
eages subsequently dispersed southward
with the establishment of the land con-
nection in the late Pliocene. We consider
the alternate scenario, that diversification
~occurred in South America from an an-
. cestral stock that somehow managed to

bridge the water gap before the estab-

lishment of the continuous land connec-
tion, less likely in view of the intolerance
of most plethodontid salamanders for ma-
rine environments, but it is not impossi-
ble. An “island hopping” mechanism has
been invoked to explain the appearance
of several North American mammals, rep-
tiles and anurans in South America as
early as the late Cretaceous (see review
by Webb, 1978). Under this alternative
scenario, salamanders would have been
present and differentiated into separate
lineages (even within the single adsper-
sa species-group) prior to the establish-

“ment of a permanent land connection.

Our sample comprises only a few of the
species of Bolitoglossa in southern Cen-
tral and South America; 2 of the 10 de-
scribed species-groups are represented.
Furthermore, because of the observed
high level of genetic variability, seen
most clearly in B. subpalmata, and be-
cause .our analysis was based on only 18
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loci, the resulting distance measures
should be viewed as only approxima-
tions. Gorman and Renzi (1979) have
shown that when variation within popu-
lations is low, accurate information can
be derived from very small population
samples, even from a single specimen.
With increased variation, either the sam-
ple size, the number of loci examined, or
preferably both, should be increased to
‘minimize measurement error. Neverthe-
less, we feel that our results justify the
following general conclusions. First,
South American species of Bolitoglossa
are well differentiated genetically at
levels comparable to those observed both
among congeneric species in southern
Central America and among species of
other plethodontid genera in North
America. Second, the magnitude of ge-
netic distances observed between South
American and Central American species
pairs, and among South American species,
suggests an early origin of the South
American salamander fauna. Specifically,
divergence times derived from the cur-
rently favored calibration of genetic dis-
tance with time imply that many South
American lineages, and even recent
species, existed prior to the establish-
ment of the Panamanian isthmus in the
Pliocene.

Status of Bolitoglossa pandi

We take this opportunity to note that
B. pandi is not extinct as was suggested
by Wake and Lynch {1976). This species
is one of the most poorly known salaman-
ders; even the description of the species
was based on a single, partly dissected
specimen collected near the turn of the
century (Brame and Wake, 1963). The
specimen used in our electrophoretic
analysis was collected by Pere Alberch
and Miguel Escallén from a bromeliad in
a primary c¢loud forest 6 kn N Alban,
Cundinamarca, Colombia, elevation 2400

m, on 14 July 1977. It closely resembles .

the type specimen of B. pandi in all es-
sential features (Fig. 5) and is, therefore
assigned to that species. '
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