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Abstract
Environmental influences on egg and clutch sizes in lentic- and lotic-breeding
salamanders. Recent research indicates that social and environmental factors influence
egg and clutch sizes in amphibians. However, most of this work is based on the
reproductively diverse order Anura (frogs and toads), whereas less research has been
conducted on Caudata (salamanders) and Gymnophiona (caecilians). Researchers have
suggested that a relationship exists between social and environmental factors and egg and
clutch sizes in salamanders, but studies controlling for phylogenetic context are lacking.
We could not identify a sufficient number of comparisons for social influences on egg and
clutch sizes; therefore, we focused on environmental influences for this study. Data on egg
size, clutch size, environmental factors, and phylogenies for salamanders were assembled
from the scientific literature. We used independent, pair-wise comparisons to investigate
the association of larval salamander habitat and egg size and the association of larval
salamander habitat with clutch sizes within a phylogenetic framework. There is a significant
association between larval habitat and egg size; specifically, stream-breeding species
produce larger eggs. There is no significant association between larval habitat and clutch
size. Our study confirms earlier reports that salamander egg size is associated with larval
environments, but is the first to use phylogenetically independent contrasts to account for
the lack of phylogenetic independence of the traits measured (egg size and clutch size)
associated with many of the diverse lineages. Our study shows that environmental selection
pressure can be quite strong on one aspect of salamander reproduction—egg size.
Keywords: Caudata, larval environment, independent contrasts, lentic, lotic, egg site
deposition.
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Resumo
Influência do ambiente sobre o tamanho do ovo e da desova em salamandras que se reproduzem
em corpos d’água lênticos e lóticos. Pesquisas recentes indicam que fatores sociais e do ambiente
influenciam o tamanho do ovo e da desova nos anfíbios. Contudo, a maioria desses trabalhos baseiase na ordem Anura (anuros), que possui uma grande diversidade reprodutiva, e poucas pesquisas
foram conduzidas nas ordens Caudata (salamandras) e Gymnophiona (cecílias). Sugeriu-se que existe
uma relação entre fatores sociais e do ambiente e o tamanho do ovo e da desova em salamandras,
mas não há estudos feitos dentro de um contexto filogenético. Não encontramos um número suficiente
de comparações para a influência do comportamento social sobre o tamanho do ovo e da desova;
portanto, neste estudo enfocamos a influência do ambiente. Os dados sobre tamanho do ovo e da
desova, fatores do ambiente e filogenia das salamandras foram coletados na literatura. Usamos
comparações pair-wise independentes na investigação da associação entre o habitat larval e o
tamanho do ovo e entre o habitat larval e o tamanho da desova em um contexto filogenético.
Encontramos uma associação significativa entre o habitat larval e o tamanho do ovo; especificamente,
espécies que se reproduzem em riachos produzem ovos maiores. Não encontramos uma associação
significativa entre o habitat larval e o tamanho da desova. Nosso estudo confirma relatos anteriores
de que o tamanho do ovo das salamandras está relacionado ao ambiente em que as larvas se
desenvolvem, mas é o primeiro a utilizar contrastes filogeneticamente independentes para explicar a
ausência de independência filogenética das características medidas (tamanho do ovo e da desova)
associadas a muitas das diferentes linhagens. Nosso estudo mostra que a pressão de seleção do
ambiente pode ser muito intensa sobre um dos aspectos da reprodução das salamandras—o tamanho
do ovo.
Keywords: Caudata, ambiente larval, contrastes independentes, ambientes lênticos, ambientes
lóticos, local de ovipostura.

Introduction
Environmental factors and parental care play
key roles in the evolution of offspring size and
number (Shine 1978, Nussbaum and Shultz 1989,
Clutton-Brock 1991, Stearns 1992). Shine (1978)
proposed the “safe-harbor hypothesis,” which
predicted that typically, the evolution of parental
care should precede the evolution of larger eggs.
Other researchers argued that environmental
factors may influence the number and size of
offspring more than parental care (Nussbaum
1985, Morrison and Hero 2003). Specifically,
Nussbaum (1985, 1987) proposed that the
evolution of larger eggs typically precedes the
evolution of parental care.
Amphibians, particularly anurans, provide an
excellent system with which to evaluate
relationships among parental care, egg size, and
environmental factors. Recent comparative
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analyses of anurans confirmed a positive
relationship between parental care and egg size
(Summers et al. 2006, 2007). The authors found
that egg size increased significantly with parental
care. They also examined environmental factors
and demonstrated that lotic- and montanebreeding anurans produce significantly larger
eggs than their sister clades (Summers et al.
2007). These studies were the first to control for
phylogenetic effects with regard to egg size in
amphibian evolution.
Previous studies investigating relationships
between environmental factors and egg and
clutch sizes in salamanders lacked controls for
phylogenetic effects (Salthe 1969, Kaplan and
Salthe 1979). Coincidentally, Nussbaum’s
original proposal (1985, 1987) that the evolution
of larger eggs should precede the evolution of
parental care was based on salamander data.
Nussbaum argued that larger eggs would be
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favored in lotic environments (flowing water
such as streams and seeps) because newly
hatched larvae would have to consume larger
food items in contrast to larvae hatched in lentic
environments (standing water such as ponds or
lakes). Larger eggs take longer to develop,
enforcing a tradeoff between offspring size and
number. Longer development would lead to
increased mortality in the embryonic stage unless
selection favored behaviors (e.g., parental care)
to reduce egg mortality.
Comparative analyses require well-supported
phylogenies, and well-supported salamander
phylogenies have not been available until recently.
We used multiple phylogenies (Methods below)
to construct a phylogenetic supertree within which
to evaluate relationships among egg size, clutch
size, and environmental factors. Social influences
on egg and clutch sizes could not be tested due to
a lack of phylogenetic independence. Because
most salamander parental care has evolved in one
family (Plethodontidae), we could not make valid
comparisons within those clades (Wells 2007).
Therefore, we focus here on the hypothesis that
environmental factors influence egg and clutch
sizes in salamanders with larval development in
lentic and lotic environments. Specifically, we
concentrated on determining whether the site of
egg deposition affects egg size and clutch size in
this subset of salamanders. Based on the work by
Nussbaum (1985), we predicted that egg size
would be greater and clutch size would be smaller
in taxa inhabiting lotic environments than in taxa
inhabiting lentic environments .
Materials and Methods
We constructed a phylogenetic supertree
consisting of all salamander species for which
we could obtain both phylogenetic information
and response-variable data to test our hypotheses
within a phylogenetic framework. The supertree
was constructed with the same hierarchical
approach as Summers et al. (2007). We used a
small number of studies that addressed specific
phylogenetic relationships (e.g., relationships
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within a genus). We preferentially chose studies
that used DNA sequence data and maximum
likelihood analyses. These studies were chosen
because of (1) the quantity of sequence data
available, (2) the thoroughness of the analyses,
and (3) the well-found statistical rationale for the
methods employed. The studies that were chosen
consisted of the most recent studies of
phylogenetic relationships of salamanders based
on the same gene regions when possible.
The analysis utilized the following references
for each group: Order Caudata (Wiens et al.
2005, Frost et al. 2006, Roelants et al. 2007);
ambystomatids (Shaffer et al. 1991, Shaffer and
Knight 1996, Weisrock et al. 2006a); sala
mandrids (Steinfartz et al. 2006, Weisrock et al.
2006b, Zhang et al. 2008); hynobiids (Zhang et
al. 2006); plethodontids (Chippendale et al.
2004, Wiens et al. 2005).
Phylogenetic, pair-wise comparisons were
used for our comparative analysis (Moller and
Birkhead 1992, Maddison 2000, Summers et al.
2007). This method is used to compare continuous
characters with discrete characters, and
commonly is used in studies focusing on
phylogenetic, pair-wise comparisons in which
the traits of a focal group are compared to its
sister clade (Gotmark 1994, Summers et al.
2007). Each phylogenetic pair-wise comparison
was considered independent and counts of these
points were analyzed with a χ2 test with Yates
correction when necessary.
Mean egg and clutch sizes were the continuous
characters for this study. Egg size was defined as
diameter of the ovum in millimeters after eggs
were laid (including the jelly coat). The discrete
characters in our analyses were larval salamander
environments (lentic vs. lotic). Data on con
tinuous characters (egg and clutch sizes) and
discrete characters (larval environments) were
taken from the primary literature for 31 species
of salamanders (Appendices I and II); references
from which data were extracted are listed in
Appendix III. For species with multiple records
for egg or clutch sizes, we averaged values
(Appendix III). We also averaged egg and clutch
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values for sister species inhabiting similar larval
environments to facilitate comparison with
closely related species that occupy different
larval environments. Phylogenetic, pair-wise
comparisons were conducted only on species for
which we had all of the above data. Female body
size was excluded from our analyses because no
significant relationship was found between egg
size and maximum female body size (n = 25,
R2 = 0.0238, F = 0.56, p = 0.4619). This was
also true for egg size and mean female body size
(n = 25, R2 = 0.0195, F = 0.46, p = 0.5058).
Results
Eleven comparisons were identified for pairwise comparisons (when controlling for phylo
genetic effects) between lentic- versus loticbreeding salamanders (Figure 1). We detected a
significant association between the larval
salamander environment and larger egg sizes
(χ2 = 9.00, df = 1, p < 0.05; Table 1). Specifically,
we found that egg sizes are significantly larger in
lotic larval environments. We did not find a
significant association between larval salamander
environment and clutch size (χ2 = 2.88, df = 1,
p > 0.05; Table 1).
Discussion
Our results partially agree with previous
results relevant to the association between larval
salamander environment and egg and clutch
sizes. This association has been documented
previously, but not in a phylogenetic context
(Nussbaum 1985, 1987, 2003). Nussbaum (1985)
originally hypothesized that lotic environments

Table 1.

would favor larger egg size, based primarily on
prey items available for consumption by the
larval salamanders; thus, lotic-breeding sala
manders hatched at larger sizes to harvest the
size classes of the most abundant food. This
contrasts to the lentic-breeding salamanders with
smaller embryos that hatch at smaller sizes and
gorge on abundant, small zooplankton. Therefore
the lotic environment lacking zooplankton would
favor larger sizes of eggs and hatchlings. These
results also are supported by recent work by
Summers et al. (2007) with frogs in lotic
environments that have larger egg sizes than
those in lentic environments.
It is somewhat surprising that salamander
clutch size was not found to be associated with
the environment of larval salamanders in our
study. This disparity may be the result of the
small sample size for independent contrasts (9
comparisons). Nonetheless, salamanders that
deposit eggs in lotic larval environments tend to
have smaller clutch sizes than those that deposit
eggs in lentic environments. This is in accord
with previous work that hypothesized that adult
female salamanders are subject to energy
constraints. Thus, females that lay larger eggs
deposit smaller clutches and females that lay
smaller eggs deposit larger clutches (Nussbaum
2003). The variability of clutch sizes reported
for some species may have contributed to the
lack of association between larval environment
and clutch size. Some species of salamanders in
our study are widely distributed and exhibit
geographic variation in egg and clutch sizes. For
such species, we pooled data from across the
range of the species, thereby increasing the
variability of our data.

Pair-wise comparisons of larval salamander deposition site and egg/clutch sizes.

Sample Size

χ2

p-value

Effect

Lotic versus Lentic – egg size

10 larger, 1 smaller

9.00

<0.05

Lotic larger

Lotic versus Lentic – clutch size

2 larger, 7 smaller

2.88

>0.05

—
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Figure 1. Salamander phylogenetic supertree reconstructed from recently published phylogenies. Black branches are
lentic-breeding species and white branches are lotic-breeding species included in our analysis. Salamander
genus and species names can be found in Appendix I.

Parental care also may influence egg and
clutch sizes; however, we could only identify
three independent comparisons. In general, a
lack of independent phylogenetic contrasts
limited valid comparisons. In some families
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(specifically Plethodontidae comprising 50% of
extant salamanders), parental care is known for
most species, making it difficult to compare
social environments. Hence, for most of the taxa
for which there are data on parental care, the
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comparisons were not phylogenetically inde
pendent. Data on presence or absence of parental
care are lacking for many species, especially the
several new taxa that have been described recently
(Camp et al. 2009). Detailed natural-history data
are needed for many species, especially for the
Asian and New World tropical salamanders, to
test the parental care hypothesis properly.
Egg and clutch sizes were not associated with
the same factors; thus, larger egg size has a
significant association with lotic environments,
but clutch size lacks a significant association with
the environment defined. Because clutch size
tends to be smaller in lotic-breeding species,
salamander egg and clutch sizes may be responding
to similar environmental selective pressures.
Acknowledgments
We thank Jason Brown, Michael Brewer and
Jason Bond for assistance with constructing and
editing the salamander phylogenetic supertree.
We also thank Dave Beamer, Trip Lamb, and
Linda Trueb for providing feedback on previous
versions of this manuscript. JMD was supported
by NSF Grant DEB-0716558.
References
AmphibiaWeb. 2010. Information on Amphibian Biology
and Conservation. Berkeley, California: AmphibiaWeb.
Electronic database accessible at http://amphibiaweb.
org/. Captured on 05 April 2010.
Anderson, P. L. 1943. The normal development of Triturus
pyrrhogaster. Anatomical Record 86: 59–63.
Anderson, J. D. and R. G. Webb. 1978. Life history aspects
of the Mexican salamander Ambystoma rosaceum
(Amphibia, Urodela, Ambystomatidae). Journal of
Herpetology 21: 89–93.
Anderson, J. D. and R. D. Worthington. 1971. The life
history of the Mexican salamander Ambystoma
ordinarium Taylor. Herpetologica 32: 165–176.
Bishop, S. C. 1941. The Salamanders of New York. New
York State Museum Bulletin 324: 1–365.
Brame, A. H., Jr. 1956. The number of eggs laid by the
California newt. Herpetologica 12: 325–326.

92

Brame, A. H., Jr. 1968. The number of egg masses and eggs
laid by the California newt, Taricha torosa. Journal of
Herpetology 2: 169–170.
Bruce, R. C. 1968. Life History Studies of the Salamanders
of the Genus Pseudotriton (Caudata: Plethodontidae).
Unpublished Ph.D. Thesis. Duke University, Durham,
NC.
Bruce, R. C. 1969. Fecundity in primitive plethodontid
salamanders. Evolution 23: 50–54.
Bruce, R. C. 1971. Life cycle and population structure of the
salamander Stereochilus marginatus in North Carolina.
Copeia 1971: 234–246.
Bruce, R. C. 1978a. Reproductive biology of the salamander
Pseudotriton ruber in the southern Blue Ridge
Mountains. Copeia 1978: 417–423.
Bruce, R. C. 1978b. Life-history patterns of the salamander
Gyrinophilus porphyriticus in the Cowee Mountains,
North Carolina. Herpetologica 34: 53–64.
Camp, C. D., W. E. Peterman, J. R. Milanovich, T. Lamb, J.
C. Maerz, and D. B. Wake. 2009. A new genus and
species of lungless salamander (family Plethodontidae)
from the Appalachian highlands of the south-eastern
United States. Journal of Zoology 279: 86–94.
Chippendale, P. T., R. M. Bonnett, A. S. Baldwin, and J. J.
Wiens. 2004. Phylogenetic evidence for a major reversal
of life history evolution in plethodontid salamanders.
Evolution 58: 2809–2822.
Clergue-Gazeau, M. 1999. Euproctus asper (Duges 1852)—
Pyrenäen-Gebirgsmolch. Pp. 251–269 in K. Grossen
bacher and B. Thiesmeier (eds.), Handbuch der Reptilien
und Amphibien Europas. Band 4/1: Schwanzlurch
(Urodela) I (Hynobidae, Proteidae, Plethodontidae,
Salamandridae), AULA-Verlag, Wiebelsheim, Ger
many.
Clutton-Brock, T. H. 1991. The Evolution of Parental Care.
Princeton, NJ: Princeton University Press. 352 pp.
Connon, F. E. 1947. A comparative study of the respiration
of normal and hybrid Triturus embryos and larvae.
Journal of Experimental Zoology 105: 1–24.
Franz, R. 1964. The eggs of the long-tailed salamander from
a Maryland cave. Herpetologica 20: 216.
Frost, D. R., T. Grant, J. Faivovich, R. H. Bain, A. Haas, C.
F. B. Haddad, R. O. de Sá, A. Channing, M. Wilkinson,
S. C. Donnellan, C. J. Raworthy, J. A. Campbell, B. L.
Blotto, P. Moler, R. C. Drewes, R. A. Nussbaum, J. D.
Lynch, D. M. Green, and W. C. Wheeler. 2006. The
Amphibian Tree of Life. Bulletin of the American
Museum of Natural History 297: 1–370.

Phyllomedusa

- 9(2), December 2010

Environmental influences on egg and clutch sizes in lentic- and lotic-breeding salamanders

Gallien, L. and M. Durocher. 1957. Table chronologique de
development chez Pleurodeles walti Michah. Bulletin
Biology France Belgique. 91: 97–114.

Mosher, H. S., F. A. Fuhrman, H. D. Buchwald and H. G.
Fischer. 1964. Tarichatoxin-tetrodotoxin: a potent
neurotoxin. Science 144: 1100–1110.

Gibbons, J. W. and R. D. Semlitsch. 1991. Guide to the
Reptiles and Amphibians of the Savannah River Site.
University of Georgia Press, Athens, Georgia. 144 pp.

Noble, G. K. and J. A. Richards. 1932. Experiments on the
Egg-Laying of Salamanders. American Museum
Novitates, Number 513, American Museum of Natural
History, New York.

Goin, C. J. 1951. Notes on the eggs and early larvae of three
more Florida salamanders. Annals of the Carnegie
Museum 32: 253–263.
Goris, R. C. and N. Maeda. 2004. Guide to the Amphbians
and Reptiles of Japan. Krieger Publishing Co., Malabar,
FL. 285 pp.
Gotmark, F. 1994. Are bright birds distasteful – a reanalysis
of Cott, H.B. data on the edibility of birds. Journal of
Avian Biology 25: 184–197.
Haker, K. 1997. Haltung und Zucht des Chinesischen
Riesensalamanders Andrias davidianus. Salamandra 33:
69–74.
Hutchison, V. H. 1956. Notes on the plethodontid
salamanders, Eurycea lucifuga (Rafinesque) and Eurycea
longicauda (Green). Occasional Papers of the National
Speleological Society 3: 1–24.
Kaplan, R. H. and S. N. Salthe. 1979. The allometry of
reproduction: an empirical view in salamanders. Ame
rican Naturalist 113: 671–689.
Licht, L. E. 1989. Reproductive parameters of unisexual
Ambystoma on Pelee Island, Ontario. Pp. 209–217, in
Dawley, R.M. and J.P. Bogart (eds.), The Evolution and
Ecology of Unisexual Vertebrates. New York State
Museum Bulletin, Number 466, Albany, New York.
Liu, C. C. 1945. Life history of Batrachuperus pinchonii.
Journal of West China Border Research Society 40:
44–55.
Maddison, W. P. 2000. Testing character correlation using
pairwise comparisons on a phylogeny. Journal of
Theoretical Biology 202: 195–204.
Minton, S. A., Jr. 1972. Amphibians and Reptiles of Indiana.
Indiana Academy of Sciences Monograph 3: 1–346.
Minton, S. A., Jr. 2001. Amphibians and Reptiles of Indiana.
2nd edition. Indiana Academy of Science, Indianapolis,
Indiana. 404 pp.
Moller, A. P. and T. R. Birkhead. 1992. A pairwise com
parative method as illustrated by copulation frequency in
birds. American Naturalist 139: 644–656.
Morrison C. and J. M. Hero. 2003. Geographic variation in
life-history characteristics of amphibians: a review.
Journal of Animal Ecology 72: 270–279.

Phyllomedusa

- 9(2), December 2010

Nussbaum, R. 1985. The evolution of parental care in
salamanders. Miscellaneous Publications of the Museum
of Zoology, University of Michigan 169: 1–50.
Nussbaum, R. 1987. The evolution of parental care in
salamanders: an examination of the safe harbor
hypothesis. Researches on Population Ecology (Kyoto)
29: 27–44.
Nussbaum, R. 2003. Parental Care. Pp. 527–612 in B.G. M.
Jamieson and D. Sever (eds.), Reproductive Biology and
Phylogeny of Urodela. Science Publishers Inc., Enfield,
NH, USA.
Nussbaum, R. A. and D. L. Schultz. 1989. Coevolution of
parental care and egg size. American Naturalist 133:
591–603.
Petranka, J. W. 1998. Salamanders of the United States and
Canada. Smithsonian Institution Press, Washington,
D.C. 592 pp.
Riemer, W. J. 1958. Variation and systematic relationships
within the salamander genera Taricha. University of
California Publications in Zoology 56: 301–390.
Rocca, F. D., L. Vignoli, and M. A. Bologna. 2005. The
reproductive biology of Salamandrina terdigitata
(Caudata, Salamandridae). Herpetological Journal 15:
273–278.
Roelants, K., D. J. Gower, M. Wilkinson, S. P. Loader, S. D.
Biju, K. Guillaume, L. Moriau, and F. Bossuyt. 2007.
Global patterns of diversification in the history of
modern amphibians. Proceedings of the National
Academy of Sciences 104: 887–892.
Ryan, T. J. and R. C. Bruce. 2000. Life history evolution and
adaptive radiation of hemidactyliine salamanders. Pp.
303–326 in Bruce, R. C., R. G. Jaeger and L. D. Houck
(eds.), The Biology of Plethodontid Salamanders. Kluwer
Academic/Plenum Publishers, New York.
Salthe, S. N. 1969. Reproductive modes and the number and
size of ova in the urodeles. American Midland Naturalist
81: 467–490.
Schmidtler, J.J. and J.F. Schmidtler. 1975. Untersuchungen
an westpersischen Bergbachmolchen der Gattung
Neurergus (Caudata, Salamandridae). Salamandra 11:
84–98.

93

Davenport and Summers

Schwartz, A. and R. Etheridge. 1954. New and additional
herpetological records from the North Carolina Coastal
Plain. Herpetologica 10: 167–171.
Semlitsch, R. D. and M. A. McMillian. 1980. Breeding
migrations, population size structure, and reproduction
of the dwarf salamander, Eurycea quadridigitata, in
South Carolina. Brimleyana 3: 97–105.
Shaffer, H. B., J. M. Clark, and F. Kraus. 1991. When
molecules and morphology clash: A phylogenetic
analysis of the North American ambystomatid
salamanders (Caudata: Ambystomatidae). Systematic
Zoology 40: 284–303.
Shaffer, H. B. and M. L. McKnight. 1996. The polytopic species
revisted: Genetic differentiation and molecular phyloge
netics of the tiger salamander, Ambystoma tigrinum
(Amphibia: Caudata) complex. Evolution 50: 417–433.
Shine, R. 1978. Propagule size and parental care: the “safe
harbor” hypothesis. Journal of Theoretical Biology 75:
417–424.
Stearns, S. 1992. The Evolution of Life Histories. Oxford:
Oxford Univ. Press. 264 pp.
Steinfartz, S. 1995. Zur fortpflanzungsbiologie von Neurergus
crocatus und Neurergus strauchii barani. Salamandra
31: 15–32.
Steinfartz, S., S. Vicario, J. W. Arntzen, and A. Caccone.
2006. A Bayesian approach on molecules and behavior:
reconsidering phylogenetic and evolutionary patterns of
the Salamandridae with emphasis on Triturus newts.
Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution 308: 139–162.
Summers, K., C.S. McKeon, and H. Heying. 2006. The
evolution of parental care and egg size: a comparative
analysis in frogs. Proceedings of the Royal Society of
London B. 273: 687–692.
Summers, K., C.S. McKeon, H. Heying, J. Hall, and W.
Patrick. 2007. Social and environmental influences on
egg size evolution in frogs. Journal of Zoology 271:
225–232.
Tago, K. 1931. Newts and Salamanders. Maruzen Co.,
Tokyo, Japan. 210 pp.
Takahashi, H. and H. Iwasawa. 1990. Egg size variation
among various breeding habitats in the salamander,
Hynobius lichenatus. Ecological Research 5: 393–398.
Tarkhnishvili, D. N. and R. K. Gokhelashvili. 1999. The
amphibians of the Caucasus. Advances in Amphibian
Research in the Former Soviet Union 4: 1–239.
Thiemeier, B. and C. Hornberg. 1998. Zur fortpflanzung von
Pachytriton labiatus- ein weiterer Hinweis auf Brutpfle

94

geverhalten in der Gattung Pachytriton. Salamandra
34: 77–80.
Thorn, R. 1968. Les Salamanders d’Europe, d’Asie, et
d’Afrique du Nord. Paul Lechevalier, Paris, France.
Timofeev, B. I. 1997. Notes on the reproduction of Neurergus
crocatus in captivity. Advances in Amphibian Research
in the Former Soviet Union 2: 173–176.
Twitty, V. C. 1935. Two new species of Triturus from
California. Copeia 1935: 73–80.
Twitty, V. C. 1936. Correlated genetic and embryological
experiments on Triturus I and II. Journal of Experimental
Zoology 74: 239–302.
Weisrock D. W., H. B. Shaffer, B. L. Storz, S. R. Storz, and
S. R. Voss. 2006a. Multiple nuclear gene sequences
identify phylogenetic species boundaries in the rapidly
radiating clade of Mexican ambystomatid salamanders.
Molecular Ecology 15: 2489–2503.
Weisrock D. W., T. J. Papenfuss, J. R. Macey, S. N.
Litvinchuk, R. Polymeni, I. H. Ugurtas, E. Zhao, and A.
Larson. 2006b. A molecular assessment of phylogenetic
relationships and lineage accumulation rates within the
family Salamandridae (Amphibia, Caudata). Molecular
Phylogenetics and Evolution 41: 368–383.
Wells, K. 2007. The Ecology and Behavior of Amphibians.
University of Chicago, Chicago, USA. 1400 pp.
Wiens, J. J., R. M. Bonett, and P. T. Chippendale. 2005.
Ontogeny discombobulates phylogeny: Paedomorphosis
and higher level salamander relationships. Systematic
Biology 54: 91–110.
Wood, J. T. and H. R. Rageot. 1963. The nesting of the
many-lined salamander in the Dismal Swamp. Virginia
Journal of Science 14: 121–125.
Zhang, P., Y.-Q. Chen, H. Zhou, X.-L. Wang, T. J. Papenfuss,
D. B. Wake, and L.-H. Qu. 2006. Phylogeny, evolution,
and biogeography of Asiatic salamanders (Hynobiidae).
Proceedings of the National Academy of Sciences 103:
7360–7365.
Zhang, P., T. J. Papenfuss, M. H. Wake, L. Qu, and D. B.
Wake. 2008. Phylogeny and biogeography of the family
Salamandridae (Amphibia: Caudata) inferred from
complete mitochondrial genomes. Molecular Phylo
genetics and Evolution 49: 586–597.
Zuffi, M. A. L. 1999. Salamandrina terdigitata (Lacépède
1788)—Brillensalamander. Pp. 29–246 in K. Grossen
bacher and B. Thiesmeier (eds.), Handbuch der Reptilien
und Amphibien Europas. Band 4/1: Schwanzlurch
(Urodela) I (Hynobidae, Proteidae, Plethodontidae, Sala
mandridae), AULA–Verlag, Wiebelsheim, Germany.
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Appendix I. Salamander species in our analyses and their larval environmental categories.

Salamander taxon

Larval environment

Hynobiidae
Batrachuperus karlschmidti

Lotic-stream

Hynobius katoi

Lotic-stream

—

—

Lentic-pond

Lotic-stream

Lentic-pond

Hynobius lichenatus
Hynobius naevius

—

Lentic-pond

Salamandrella keyserlingii
Salamandridae
Lotic-stream

—

—

Lentic-pond

Cynops pyrrhogaster

—

Lentic-pond

Neurergus crocatus

Lotic-stream

—

Neurergus kaiseri

Lotic-stream

—

Neurergus strauchii

Lotic-stream

—

Ommatriton vittatus

—

Lentic-pond

Pachytriton brevipes

Lotic-stream

—

Pachytriton labiatus

Lotic-stream

—

—

Lentic-pond

Calotriton asper
Cynops ensacauda

Pleurodeles walti
Salamandrina terdigitata

Lotic-stream

Taricha rivularis
Taricha torosa

—
Lentic-pond

Taricha granulosa
Lotic-stream

—

—

Lentic-pond

Triturus cristatus

—

Lentic-pond

Triturus marmoratus

—

Lentic-pond

Eurycea longicauda

Lotic-stream

—

Pseudotriton ruber

Lotic-stream

—

Plethodontidae

—

Lentic-pond

Gyrinophilus porphryticus

Lotic-stream

—

Pseudotriton ruber

Lotic-stream

—

—

Lentic-pond

Ambystoma barbouri

Lotic-stream

—

Ambystoma rosaceum

Lotic-stream

—

Ambystoma ordinarium

Eurycea quadridigitata

Stereochilus marginatus
Ambystomatidae

Lotic-stream

—

Ambystoma texanum

—

Lentic-pond

Ambystoma tigrinum

—

Lentic-pond
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Appendix II. Salamander independent contrasts.

Lentic-pond

Lotic-stream

Salamandrella keyserlingii

Batrachuperus karlschmidti

Ambystoma texanum

Ambystoma barbouri

Ambystoma tigrinum

Ambystoma ordinarium, A. rosaceum

Pleurodeles walti

Salamandrina terdigitata

Taricha torosa, T. granulosa

Taricha rivularis

Cynops pyrrhogaster, C. ensacauda

Pachytriton brevipes, P. labiatus

Eurycea quadridigitata

Eurycea longicauda

Stereochilus marginatus

Pseudotriton ruber, Gyrinophilus porphryticus

Hynobius lichenatus

Hynobius katoi, H. naevius

Ommatriton vittatus

Neurergus strauchii, N. kaiseri, N. crocatus

Triturus marmoratus, T. cristatus

Calotriton asper
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Appendix III. Salamander egg- and clutch-size data.

Taxon

Egg size

Clutch size

Authority

8.6

—

Haker 1997

Cryptobranchidae
Andrias davidianus
Hynobiidae
3.7

Liu 1945

Hynobius katoi

4.8–5.0

AmphibiaWeb 2010

Hynobius lichenatus

2.8–3.2

40–60

Takahashi and Iwasawa 1990, Goris
and Maeda 2004, AmphibiaWeb 2010

5.0

34–72

Goris and Maeda 2004,
AmphibiaWeb 2010

Batrachuperus karlschmidti

Hynobius naevius
Salamandrella keyserlingii

1.5–2.0

Tago 1931

Salamandridae
Calotriton asper

3.5–5.0

20–30

Clergue-Gazeau 1999,
AmphibiaWeb 2010

Cynops ensacauda

2.8

Tago 1931

Cynops pyrrhogaster

2.0

Anderson 1943

Neurergus crocatus

1.5–2.0

Schmidtler and Schmidtler 1975,
Timofeev 1997

Neurergus kaiseri

1.5–2.0

Schmidtler and Schmidtler 1975

Neurergus strauchii

2.6–3.0

Steinfartz 1995

Ommatriton vittatus

1.8–2.3

Tarkhnishvii and Gokhlashvii 1999

Pachytriton brevipes

3.5

Thorn 1968

Pachytriton labiatus

4.7–5.3

Thiemeier and Hornberg 1998

Pleurodeles walti

1.7

150–1300

Gallien and Durocher 1957,
AmphibiaWeb 2010

Salamandrina terdigitata

1.8

1–65

Zuffi 1999, Rocca et al. 2005

Taricha granulosa

1.8

Taricha rivularis

2.8

10

Twitty 1935, 1936, Connon 1947,
Riemer 1958

Taricha torosa

2.3

7–47

Twitty 1936, Connon 1947, Brame
1956, 1968, Mosher et al. 1964

Triturus cristatus

2.0

70–600

Thorn 1968, AmphibiaWeb 2010

Triturus marmoratus

2.0

200–380

Thorn 1968, AmphibiaWeb 2010
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Appendix III. Continued.

Taxon

Egg size

Clutch size

Authority

2.5–3.0

61–106

Hutchison 1956, Ryan and Bruce
2000, Minton 2001

1.8

7–62

Goin 1951, Semlitsch and McMillan
1980, Gibbons and Semlitsch 1991

3.5–4.0

16–106

Bishop 1941, Bruce 1969, 1978b

3.3

29–130

Bruce 1968, 1978a

2.0–2.5

16–121

Richards 1932, Schwartz and Etheridge
1954, Wood and Rageot 1963, Ryan
and Bruce 2000

Ambystoma barbouri

2.4–3.8

~260

Petranka 1998

Ambystoma rosaceum

2.6

Ambystoma ordinarium

2.8

109

Anderson and Worthington 1971

Ambystoma texanum

1.6–2.5

550–700

Minton 1972, Licht 1989,
Petranka 1998

Ambystoma tigrinum

3.0

421–7000

Bishop 1941, Petranka 1998

Plethodontidae
Eurycea longicauda
Eurycea quadridigitata
Gyrinophilus porphryticus
Pseudotriton ruber
Stereochilus marginatus

Ambystomatidae

98

Anderson and Webb 1978

Phyllomedusa

- 9(2), December 2010

