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Abstract
Body size and head shape variation was quantified in four populations of Bolitoglossa vallecula in the Cordillera
Central of Colombia. Two of these four populations occurred in sympatry with B. ramosi, an ecologically similar
salamander species that could potentially compete with B. vallecula for food resources. There was no evidence
of sexual size or head shape dimorphism in any population, so data for males and females were pooled. The
populations differed significantly in mean body size, but this variation was not associated with elevation. Six
head shape characteristics associated with head morphology were quantified and analyzed using the ratio of each
variable over the geometric median, given that this is the most preferred method in the literature for describing
conformation while controlling for the effects of size. One of the populations sympatric with B. ramosi (Bello)
exhibited significant differences in conformation of head morphology when compared to the allopatric populations,
while the other sympatric population did not. While the evidence for character displacement due to ecological
competition was equivocal, the analyses highlight areas where further research should be directed.
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Resumen
Cuantificamos la variación en el tamaño y forma del cuerpo y cabeza de Bolitoglossa vallecula en cuatro poblaciones
de la Cordillera Central de Colombia. Dos de estas cuatro poblaciones ocurren en simpatría con B. ramosi una especie de
salamandra ecológicamente similar que podría potencialmente competir con B. vallecula por recursos alimenticios.
En ninguna de las poblaciones encontramos evidencias de dimorfismo sexual en el tamaño o forma de la cabeza,
por lo tanto los datos de hembras y machos fueron agrupados. Las poblaciones difirieron significativamente en
el tamaño promedio del cuerpo, pero esta variación no estuvo asociada con la elevación. Cuantificamos seis
características de la forma de la cabeza asociadas con la morfología de la misma y las analizamos utilizando las
proporciones de cada variable sobre la media geométrica, debido a que esta metodología es la más utilizada en la
literatura para describir conformación mientras se controla por el efecto del tamaño. Una de las poblaciones simpátricas
con B. ramosi (Bello) presentó diferencias significativas en la conformación de la morfología de la cabeza cuando
se comparó con las poblaciones alopátricas, mientras que la otra población simpátrica no. Aunque en este trabajo
la evidencia de desplazamiento de caracteres en respuesta a la competencia ecológica no es concluyente, este
análisis destaca áreas de investigación que vale la pena adelantar en el futuro.
Palabras claves: divergencia de caracteres, morfología de la cabeza, Plethodontidae, variación morfológica
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INTRODUCTION
Molecular studies conducted during the last
century on plethodontid salamanders resulted
in the recognition of large numbers of cryptic
species not easily distinguishable using
traditional morphological characters, which led
to the characterization of this Family as being
“morphologically conservative”, or as showing
“morphological stasis” (Carr 1996, Chippendale
et al. 2000, Garcia-Paris et al. 2000, Highton 1989,
1995, Highton and Peabody 2000, Lynch et al.
1983, Wake and Jockusch 2000, Wake et al. 1983).
However, multivariate analyses of morphometric
data sets have been able to distinguish among
species previously defined genetically (Carr 1996,
Davis and Pauly 2011) or to detect significant
levels of shape variation among populations
within species (Adams and Beachy 2001, Adams
and Rohlf 2000, Davis and Pauly 2011, Matsui et
al. 2011). Some cases of intra-specific variation
appear to be due to character displacement, with
trophic morphology diverging in populations that
occur in sympatry with species that compete with
them for food resources (Adams 2000, 2004,
Adams and Rohlf 2000, Adams et al. 2007, Arif
et al. 2007).
In this study, we used multivariate morphometric
analyses to compare four populations of the
plethodontid salamander Bolitoglossa vallecula
(Brame and Wake 1963) in the Cordillera Central
of Colombia. Our goal was to document levels of
morphological variation and sexual dimorphism
in and among these populations, as well as
inspect for evidence of character displacement
in head morphology. The distribution of B.
vallecula overlaps slightly with the distribution
of B. ramosi (Wake and Brame 1972), another
plethodontid salamander also in the adspera
species group (Parra-Olea et al. 2004). Both
species occur from 1200 to 3000 m elevation,
are nocturnal, and prefer similar micro-habitats
of herbaceous and shrubby vegetation up to 1 m
high along the margins of streams and in forest
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interiors (Páez et al. 2002, Palacio et al. 2006),
suggesting that inter-specific competition might
be important where the two species occur in
sympatry. Two of the populations of B. vallecula
we examined in this study occurred in sympatry
with B. ramosi, and the remaining two did not.
MATERIALS AND METHODS
Collecting material. Four collecting trips were
conducted from 17 July 2008 to 26 January 2009
in the department of Antioquia (Colombia);
one each to two allopatric populations and two
sympatric populations of B. vallecula (figure 1).
The allopatric populations were located in the
municipality of Yarumal (corregimiento Llanos
de Cuivá, 06º 51’ 06’’ N, 75º 29’ 30’’ W, 2637 m)
and the municipality of Belmira (vereda Los
Patos, 06º 38’ 29’’ N, 75º 39’ 55’’ W, 2941 m).
The populations sympatric with B. ramosi were
located in the municipality of San Pedro de los
Milagros (vereda La Lana, 06º 28’ 23’’ N, 75º
37’ 17’’ W, 2746 m) and the municipality of
Bello (corregimiento San Felix, 06º 21’ 12’’ N,
75º 38’ 30’’ W, 2597 m). Individuals were hand
captured, sacrificed with topical application of
5% xilocaine, fixed in 10% formalin, preserved
in 70% ethanol, and deposited in the Museo de
Herpetología of the Universidad de Antioquia
(MHUA 5984-MHUA 6010, MHUA 6038,
MHUA 6041, MHUA 6043, MHUA 6046,
MHUA 6051, MHUA 6053-MHUA 6055,
MHUA 6057, MHUA 6070, MHUA 6072,
MHUA6083, MHUA 6147- MHUA 6161,
MHUA 6177, MHUA 6179-MHUA 6182,
MHUA 6186, MHUA 6187, MHUA 6190,
MHUA 6195, MHUA 6196, MHUA 6198,
MHUA 6200, MHUA 6202, MHUA 6204MHUA 6207, MHUA 6209-MHUA 6214).
Morphological data. For each individual, seven
morphological variables were measured according
to Carr (1996, figure 2): 1) snout vent length (SVL),
2) head width (HW), 3) head length (HL), 4) head
depth (HD), distance between the eye and nares
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Figure 1. Map showing the known ranges of B. vallecula and B. ramosi in the Antioquia department of Colombia, with the
four study sites indicated
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(EN), 6) jaw length (JL), and 7) gape width (GW).
The six head characters were selected for their
widespread use in other studies of salamanders
for describing general head morphology (Adams
2000, Carr 1996, Emerson 1985, Fraser 1976a, b).
Each measurement was recorded by NS-G on the
right side of the individual using a digital caliper
(± 0.01 mm precision).

Silva-González et al.

Male B. vallecula lack mental glands, so
after measuring an individual, it was sexed
by opening its abdominal cavity to permit
inspection of gross internal anatomy. Males
could be differentiated from females by the
presence of conspicuous testicles that together
constituted approximately 5% of total body
volume. To corroborate these determinations,
we removed the right reproductive tracts
(ovaries and oviduct for females and testicles
and epididymis for males) from a sample of
individuals. These tissues were fixed in Bouin’s
solution, embedded in paraffin, sectioned into
3 µm layers, and stained with hematoxylin-eosin.
These histological preparations confirmed the
sexes previously determined by inspection of
gross anatomy in all cases.
Statistical analysis. To inspect for differences
in body size among populations, we first
compared the SVLs of males and females
from each population using t-tests on natural
log transformed values. Because none of the
populations exhibited significant sexual size
dimorphism (see results), male and female
data for each site were pooled and the four
populations were compared using ANOVA and
Tukey post-hoc tests.

Figure 2. Morphological head characters quantified. A = dorsal
perspective; B = lateral perspective; C = ventral perspective
[EN = distance between the eye and nares; HW = head
width; HL = head length; HD = head depth; JL = jaw
length; GW = gape width; from Adams (2000)]
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Given that other morphological measures are
strongly correlated with overall body size, variation
in these characters may only reflect variation
in overall size, but not shape, complicating the
interpretation of patterns detected by univariate
analyses (Adams 2000). Various methods, with
their own particular strengths and weaknesses,
have been employed to control for size in the study
of shape variation (Burnaby 1966; dos Reis et al.
1990, Humphries et al. 1981, Lleonart et al. 2000,
Mosimann 1970, Mosimann and James 1979,
Thorpe 1976). In this study, to control for size in
the analysis of shape variation in the head variables,
all measures were natural logarithm transformed
before applying the method recommended by
Mosimann (1970), given that its geometric
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interpretation of shape seems the most appropriate
for use with hypotheses relating to functional
biology (Butler and Losos 2002). This method
eliminates the effect of size on each measurement
employing an index measured directly from the
size of the individual: the geometric mean (the
fourth root of the product of the variables). Thus,
size is the geometric mean (GM) of the variables
and the ratios of the logarithm of each variable
over the geometric mean [log (variable/GM) =
log (variable)-log (GM)] are used as the shape
data set (Butler and Losos 2002, Mosimann 1970,
Mosimann and James 1979).
Another complication in comparisons of
head morphology among populations is the
existence of sexual shape dimorphism. To
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inspect for this possibility, variation in head
shape of males and females in each B. vallecula
population were compared by means of a nonparametric multivariate analysis of variance
(NPMANOVA), using Euclidian distance as a
measure of dissimilarity (Gutiérrez and Molinari
2008). Significance levels for the NPMANOVAs
were calculated via a permutations test with
10,000 replicates. To visualize variability
patterns of males and females, a principal
components analysis of the variance-covariance
matrix was conducted and plots of the first two
components were compared. Given that no
differences among sexes were detected (see
results below; figure 3), data from males and
females were pooled for each population for
subsequent analyses.

Figure 3. Principal components (PC) plots of head conformation for males (M) and females (F) for each population
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To compare patterns of variation in head shape
among populations, a NPMANOVA test was
employed with Euclidian distance again as the
measure of dissimilarity (Gutiérrez and Molinari
2008), and with significance levels calculated
as described above. In addition, a permutation
test with 10,000 replicates was conducted to test
the equality of the measurements. Mahalanobis
distances (D2) were calculated to quantify the
similarity of two multidimensional variables,
considering the variation and the correlation
among them (Slice et al. 1998). To visualize the
differences and similarities among populations,
a principal components analysis was conducted
using the variance-covariance matrix to generate
plots of the first two principal components. A
discriminant analysis also was conducted to
confirm or reject whether two populations were
morphometrically distinct, where the linear
functions of the variables employed were used to
describe the differences among groups (Renchen
2002), to classify individuals as pertaining to a
sympatric or allopatric population, expressed in
terms of the percent correct classification of the
specimens (Hammer et al. 2001).
All statistical analyses were evaluated using
a significance level of α = 0.05 and were
conducted using the software PAST 1.89
(Hammer et al. 2001).
RESULTS
In the allopatric populations of B. vallecula,
27 individuals were collected from Yarumal
(14 females and 13 males) and 15 individuals
were collected from Belmira (12 females and
three males). In the sympatric populations, 23
individuals were collected from San Pedro (20
females and three males) and 12 individuals
were collected from Bello (nine females and
three males).
There was no evidence of sexual body size
(SVL) dimorphism in the four populations
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(Yarumal, t = 0.49, p > 0.10; Belmira, t = 0.22,
p > 0.10; San Pedro, t = 0.42, p > 0.10; Bello,
t = 0.95, p > 0.10). Mean body sizes of the four
populations (male and female data pooled)
differed (LnSVL, F3, 73 = 13.73, p < 0.001),
with individuals from the Bello population
significantly smaller than individuals from the
remaining three sites and individuals from the
San Pedro population significantly larger than the
remaining three sites (Tukey post-hoc test).
No significant sexual dimorphism in head
shape was detected in the four sites (Yarumal
F1, 25 = 0.79, p > 0.10; Belmira F1, 13 = 0.02,
p > 0.10; San Pedro F1, 21 = 0.20, p > 0.10;
Bello F1, 10 = 0.10, p > 0.10; figure 3), so male
and female data were pooled for each locality
for the remaining analyses. The percent of total
variation explained by the first two principal
components for Yarumal was 94.44%, for
Belmira was 96.05%, for San Pedro was
96.60%, and for Bello was 94.98%, with the
original variable EN loading most heavily on the
first principal component in all four populations.
The NPMANOVA comparison of the allopatric
populations vs. the sympatric populations
showed significant head morphology differences
(F1, 75 = 8.17, p < 0.001), while the permutation
test did not (Mahalanobis distance = 0.0924,
p > 0.10). The principal components analysis
revealed two groups; one comprised of the two
allopatric populations and San Pedro and the
other comprised of individuals from the other
sympatric population of Bello (figure 4). The
first principal component explained 71.20%
of the total variation and the second (shape)
principal component explained 22.05%. The
original variables that contributed most to
the separation of the groups were HL and EN,
both in the second principal component. The
discriminant analysis that attempted to classify
individuals with respect to their population
based upon the principal components analysis
achieved a correct classification rate of 71.43%.
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DISCUSSION

Figure 4. Principal components (PC) plot of head conformation
in the four populations of B. vallecula (sexes pooled). A1
(Allopatric 1) = Yarumal; A2 (Allopatric 2) = Belmira; S1
(Sympatric 1) = San Pedro; S2 (Sympatric 2) = Bello

An NPMANOVA did not reveal differences in
head conformation among the two populations
of B. vallecula that occur in allopatry (Yarumal
and Belmira; F1, 40 = 1.68, p > 0.10), but the
permutation test was significant (Mahalanobis
distance = 0.4867, p < 0.001). The two populations
were not clearly separated in the plot of the first two
principal components, with the first component
explaining 79.03% of the total variation, and the
second component only 11.89%. The original
variable with the largest loading on the first
principal component was EN, and HL loaded most
heavily on the second principal component.
The two sympatric populations of B. vallecula
exhibited significant differences in head
conformation (F 1, 33 = 18.94, p < 0.001), which
was corroborated with the permutation test
(Mahalanobis Distance = 1.638, p < 0.001).
These first two components of the principal
component analysis explained 96.56% of the
total variation (first component = 70.59%,
second component = 25.97%). The original
variables that contributed most to the separation
of these two populations were HL on the first
component and EN and HL on the second
component.

The Bello population of B. vallecula differed
from the other three populations in both body
size and head morphology. A meta-analysis
by Ashton (2002) of studies on body size
variation in amphibians suggested that most
amphibian species conform to Bergmann’s rule
(Bergmann 1847), with larger mean body sizes
expressed in populations that experience cooler
climatic conditions. However, in this study, the
population with the largest mean body size was
not Belmira (the site with the highest elevation),
and the population with the smallest mean body
size (Bello) differed significantly from another
site (Yarumal) that was only 100 m higher
in elevation. A more extensive meta-analysis
by Adams and Church (2008) that included
more studies of salamander species in the data
base failed to show evidence that amphibian
populations follow Bergmann’s rule. Thus, the
significant variation among populations in mean
body size demonstrated in this study, conducted
over just a 450 m elevational gradient, probably
is not related to climatic differences, or at least
to temperature differences, among the sites.
The Bello population not only differed from the
others in terms of mean body size, but also in
terms of its head morphology. Differences were
mainly in terms of HL and EN, two original
variables that might be related to prey capture
or handling. Thus, the shape differences in the
Bello population could be related to the fact
that there exists a high density of B. ramosi
individuals in this small forest fragment (39
individuals were observed), implying that the
divergence of B. vallecula morphology could
represent a response to competition with B.
ramosi (Brown and Wilson 1956, Dayan and
Simberloff 2005, Hespenheide 1973) for
resources (Maret and Collins 1997, Schluter
and McPhail 1993, Smith 1990). Under this
scenario, selection at this site has favored
individuals with modified phenotypes thanks
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to the reduction in competition this confers,
but with a trade-off in terms of lowered fitness,
when compared to the allopatric populations
or the sympatric populations where B. ramosi
densities are not as high (Pfenning and Pfenning
2005). Cranial conformation thus may be a good
phenotypic indicator of character displacement
in response to inter-specific competition (Myers
and Adams 2008), although to confirm this,
additional data on diet composition, microhabitat preferences, and geographic ranges are
needed to permit consideration of all dimensions
of the fundamental niche (Hespenheide 1973,
Pianka 1969).
Alternatively, the differences in cranial
morphology at the Bello site might be unrelated
to resource competition. Differences in the head
shape at Bello may simply reflect other genetic
or environmental variation that differentially
affects developmental processes there (Carr
1996). Marked morphological variation among
populations of salamanders often exists in
many characters, with levels of intra-specific
variation often comparable to the magnitude of
inter-specific variation (Alberch 1981, Alberch
and Alberch 1981, Carr 1996, Garcia-Paris et al.
1998, Jaekel and Wake 2007), due to extreme
morphological and ecological homoplasy
(Parra-Olea and Wake 2001).
While this study did not provide unequivocal
evidence for character displacement in head
shape in B. vallecula when in sympatry
with B. ramosi, the morphological variation
documented does argue that further study
is warranted. For example, the variable that
most distinguished Bello individuals from
those of the other populations was HL, which
might be related to tongue length or the
muscles involved in its protrusion. Unlike
other plethodontid salamanders, individuals
in the genus Bolitoglossa obtain their prey by
protruding their tongue, so perhaps the other
variables measured in this study to quantify
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cranial conformation are not as directly linked
to diet as they are in other plethodontid species.
To fully understand the processes that have
generated and are maintaining the intra-specific
morphological differences documented in this
study, it will be necessary to evaluate whether
differences in head (trophic?) morphology also
exist among B. ramosi populations, compare diets
of individuals of both species at the different sites,
and quantify additional traits potentially related to
other niche dimensions, such as humerus, femur,
and trunk lengths (Adams and Beachy 2001) or
foot morphology (Jaekel and Wake 2007). We
also recommend using geometric morphological
methods in future studies, so that the geometry
of structures may be captured and differences in
morphology expressed in terms of a continuum
(Rohlf and Marcus 1993), thereby considering
the geometric relationships among measures and
preserving this information during the analyses
(Adams et al. 2004).
ACKNOWLEDGEMENTS
We thank Dean Adams for encouraging us to
conduct this research and for valuable comments
on a previous version of the manuscript. Felipe
Duarte, Carlos Ortiz, Alejandro Montoya, and
Diego Rivera helping with the field work.
This work was supported by the Comité para
el Desarrollo de la Investigación (beca de
Sostenibilidad 2007-2008) of the Universidad
de Antioquia and the Grupo Herpetológico de
Antioquia (GHA).
REFERENCES
Adams DC. 2000. Divergence of trophic morphology and
resource use among populations of Plethodon cinereus
and P. hoffmani in Pennsylvania: A possible case of
character displacement. In: Bruce RC, Jaeger RJ, Houck
LD, editors. The biology of plethodontid salamanders.
New York (USA): Klewer Academic/Plenum. p. 383-394.
Adams DC. 2004. Character displacement via aggressive
interference in Appalachian salamanders. Ecology,
85: 2664-2670.

Silva-González et al.
Adams DC, Beachy CK. 2001. Historical explanations of
phenotypic variation in the plethodontid salamander
Gyrinophylus porphyriticus. Herpetologica, 57: 353-364.
Adams DC, Church JO. 2008. Amphibians do not follow
Bergmann’s rule. Evolution, 62: 413-420.
Adams DC, Rohlf FJ. 2000. Ecological character displacement
in Plethodon: Biomechanical differences found from
a geometric morphometric study. Proceedings of the
National Academy of Sciences, USA, 97: 4106-4111.
Adams DC, Rohlf FJ, Slice DE. 2004. Geometric
morphometrics: Ten years of progress following the
“revolution”. Italian Journal of Zoology, 71: 5-16.
Adams DC, West ME, Collyer ML. 2007. Location-specific
sympatric morphological divergence as a possible
response to species interactions in West Virginia
Plethodon salamander communities. Journal of Animal
Ecology, 76: 289-295.
Alberch P. 1981. Convergence and parallelism in foot
morphology in the neotropical salamander genus
Bolitoglossa. I. Function. Evolution, 35: 84-100.
Alberch P, Alberch J. 1981. Heterochronic mechanism of
morphological diversification and evolutionary change
in the neotropical salamander, Bolitoglossa occidentalis
(Amphibia: Plethodontidae). Journal of Morphology,
167: 249-264.
Arif S, Adams DC, Wicknick JA. 2007. Bioclimatic
modeling, morphology, and behaviour reveal alternative
mechanisms regulating the distributions of two
parapatric salamander species. Evolutionary Ecology
Research, 9: 843-854.
Ashton KG. 2002. Do amphibians follow Bergmann’s rule?
Canadian Journal of Zoology, 80: 708-716.
Bergmann C. 1847. Über die Verhälnisse der Warmeökonomie
der Thiere zu ihrer Grosse. Gott. Stud., 21: 595-708.
Brame AH Jr, Wake DB. 1963. The salamanders of South
America. Contributions in Science, Natural History
Museum, Los Angeles County, 69: 1-73.
Brown WL, Wilson EO. 1956. Character displacement.
Systematic Zoology, 5: 49-64.
Burnaby TP. 1966. Growth-invariant discriminant functions
and generalized distances. Biometrics, 22: 96-110.
Butler MA, Losos JB. 2002. Multivariate sexual selection
and adaptation in Greater Antillean Anolis lizards.
Ecological Monographs, 72: 541-559.
Carr DE. 1996. Morphological variation among species and
populations of salamanders in the Plethodon glutinosus
complex. Herpetologica, 52: 56-65.
Chippendale PT, Price AH, Wiens, JJ, Hillis DM. 2000.
Phylogenetic relationships and systematic revision of
central Texas hemidactyliine plethodontid salamanders.
Herpetological Monographs, 14:1-80.
Davis DR, Pauly GB. 2011. Morphological vartiation
among populations of the western slimy salamander
on the Edwards Plateau of central Texas. Copeia,
2011: 103-112.

Actual Biol 33 (95): 251-260, 2011
Dayan T, Simberloff D. 2005. Ecological and communitywide character displacement: The next generation.
Ecology Letters, 8: 875-894.
dos Reis SF, Pessôa LM, Strauss RE. 1990. Application of
size-free canonical discriminant analysis to studies
of geographic differentiation. Brasilian Journal of
Genetics, 13: 509-520.
Emerson SB. 1985. Skull shape in frogs: Correlations with
diet. Herpetologica, 41: 177-188.
Fraser DF. 1976a. Coexistence of salamanders in the genus
Plethodon: A variation of the Santa Rosalia theme.
Ecology, 57: 238-251.
Fraser DF. 1976b. Empirical evaluation of the hypothesis
of food competition in salamanders of the genus
Plethodon. Ecology, 56: 459-471.
Garcia-Paris M, Good DA, Parra-Olea G, Wake DB.
1998. Biodiversity of Costa Rican salamanders:
Implications of high levels of genetic differentiation
and phylogeographic structure for species formation.
Proceedings of the National Academy of Science USA,
97: 1640-1647.
Garcia-Paris M, Parra-Olea G, Wake DB. 2000. Phylogenetic
relationships within lowland tropical salamanders of the
Bolitoglossa mexicana complex. In: Bruce RC, Jaeger
RJ, Houck LD, editors. The biology of plethodontid
salamanders. New York (USA): Klewer Academic/
Plenum. p. 199-214.
Gutiérrez EE, Molinari J. 2008. Morphometrics and taxonomy
of bats of the genus Pteronotus (subgenus Phyllodia) in
Venezuela. Journal of Mammalogy, 89: 292-305.
Hammer Ø, Harper DAT, Ryan PD. 2001. PAST: Paleontological
Statistics Software Package for Education and Data
Analysis. Palaeontologia Electronica [Internet], 4: 9.
Accessed: 2011 February 1. Available from http://paleoelectronica.org/2001_1/past/issue1_01.htm.
Hespenheide HA. 1973. Ecological inferences from
morphological data. Annual Review of Ecology and
Systematics, 4: 213-229.
Highton R. 1989. Biochemica evolution in the slimy
salamanders of the Plethodon glutinosus complex in
the eastern United States. Part I. Geographic protein
variation. Illinois Biological Monographs, 57: 1-78.
Highton R. 1995 Speciation in eastern North American
salamanders of the genus Plethodon. Annual Review
of Ecology and Systematics, 26: 579-600.
Highton R, Peabody RB. 2000. Geographic protein variation
and speciation in salamanders of the Plethodon jordani
and Plethodon glutinosus complexes in the southern
Appalachian mountains with a description of four new
species. In: Bruce RC, Jaeger RJ, Houck LD, editors.
The biology of plethodontid salamanders. New York
(USA): Klewer Academic/Plenum. p. 31-94.
Humphries JM, Bookstein FL, Chernoff B, Smith GR, Elder
RL, Poss SG. 1981. Multivariate discrimination by shape
in relation to size. Systematic Zoology, 30: 291-308.

259

Actual Biol 33 (95): 251-260, 2011
Jaekel M, Wake DB. 2007. Developmental processes
underlying the evolution of a derived foot morphology
in salamanders. Proceedings of the National Academy
of Sciences USA, 104: 20437-20442.
Lleonart J, Salat J, Torres GJ. 2000. Removing allometric
effects of body size in morphological analysis. Journal
of Theoretical Biology, 205: 85-93.
Lynch JF, Wake DB, Yang SY. 1983. Genic and morphological
differentiation in Mexican Pseudoeurycea (Caudata:
Plethodontidae), with a description of a new species.
Copeia, 1983: 884-894.
Maret TJ, Collins JP. 1997. Ecological origin of
morphological diversity: A study of alternative
trophic phenotypes in larval salamanders. Evolution,
51: 898-905.
Matsui M, Misawa Y, Nishikawa K. 2011. Morphological
variation in a Japanese salamander, Hynobius
kimurae (Amphibia, Caudata). Zoological Science,
26: 87-95.
Mosimann JE. 1970. Size allometry: Size and shape variables
with characterizations of the lognormal and generalized
gamma distributions. Journal of the American Statistical
Association, 65: 930-945.
Mosimann JE, James FC. 1979. New statistical methods
for allometry with application to Florida red-winged
blackbirds. Evolution, 33: 444-459.
Myers EM, Adams DC. 2008. Morphology is decoupled
from interspecific competition in Plethodon
salamanders in the Shenandoah Mountains, USA.
Herpetologica, 64: 281-189.
Páez VP, Bock BC, Estrada JJ, Ortega AM, Daza JM,
Gutiérrez-C PD. 2002. Guía de campo de alguna
especies de anfibios y reptiles de Antioquia. Medellín
(Colombia): Multimpresos Ltda. p. 136.
Palacio JA, Muñoz EM, Gallo SM, Rivera M. 2006. Anfibios
y reptiles del Valle de Aburrá. Medellín (Colombia):
Editorial Zuluaga Ltda. p. 174.
Parra-Olea G, Wake DB. 2001. Extreme morphological
and ecological homoplasy in tropical salamanders.
Proceedings of the National Academy of Science, USA,
98: 7888-7891.

260

Silva-González et al.
Parra-Olea G, Garcia-Paris M, Wake DB. 2004.
Molecular diversification of salamanders of the
tropical American genus Bolitoglossa (Caudata:
Plethodontidae) and its evolutionary and
biogeographical implications. Biological Journal
of the Linnean Society, 81: 325-346.
Pfenning KS, Pfenning DW. 2005. Character displacement
as the “best of a bad situation”: Fitness trade-offs
resulting from selection to minimize resource and mate
competition. Evolution, 59: 2200-2208.
Pianka ER. 1969. Sympatry of desert lizards (Ctenotus) in
western Australia. Ecology, 50: 1012-1030.
Renchen AC. 2002. Methods of multivariate analysis. New
York (U.S.A.): John Wiley and Sons. p. 738.
Rohlf FJ, Marcus LF. 1993. A revolution in morphometrics.
Trends in Ecology and Evolution, 8: 129-132.
Schluter D, McPhail JD. 1993. Character displacement and
replicate adaptive radiation. Trends in Ecology and
Evolution, 8: 197-200.
Slice DE, Bookstein DL, Marcus LF, Rohlf FJ. 1998. A
glossary for geometric morphometrics [Internet].
Accessed: 2011 February 1. Available from http://life.
bio.sunysb.edu/morph/glossary/gloss1.html.
Smith TB. 1990. Resource use by bill morphs of an African
finch: Evidence for intraspecific competition. Ecology,
68: 344-350.
Thorpe RS. 1976. Biometric analysis of geographic variation
and racial affinities. Biology Revolution, 51: 407-452.
Wake DB, Brame AH Jr. 1972. New species of salamanders
(genus Bolitoglossa) from Colombia, Ecuador and
Panama. Contributions in Science, Natural History
Museum, Los Angeles County, 219: 1-34.
Wake DB, Jockusch EL. 2000. Detecting species borders
using diverse data sets: Examples from Plethodontid
salamanders in California. In: Bruce RC, Jaeger RJ,
Houck LD, editors. The biology of plethodontid
salamanders. New York (USA): Klewer Academic/
Plenum. p. 95-120.
Wake DB, Roth G, Wake MH. 1983. On the problem of
stasis in organismal evolution. Journal of Theoretica
Biology, 101: 211-224.

