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Labial teeth of anuran tadpoles are keratinized structures derived from the activity of a single epidermal cell of
the oral labia; they are not homologous with adult anuran teeth, nor with teeth of other vertebrates. The present
study comprises a first approach for studying labial tooth shape variation that will be useful for future studies of
comparative development and the functional mechanics of feeding structures. We examined interspecific shape
variations in the labial teeth of anuran tadpoles and searched for correlations of these variations with ecomor-
phological guilds and phylogeny. Species ordination shows that important variations at various taxonomic levels
are related mainly to the general curvature of the tooth axis, the angle between the labial tooth base and tip, head
length and curvature, and sheath width. The teeth of most basal taxa are broad-based and curved, although some
broad-based teeth also characterize some phthanobatrachian species. Teeth of hyloids and ranoids differ in the oral
angle, overall curvature, and sheath width. A phylogenetically independent ecomorphological effect is significant
only for lotic suctorial and gastromyzophorous guilds; teeth in these forms have short, thick and curved heads, wide
sheaths, and generally acute oral angles. The lack of a significant correlation between labial tooth shape and
trophic guilds suggests that labial tooth harvesting ability has a wide latitude that could be particularly functional
only under specific circumstances. © 2010 The Linnean Society of London, Biological Journal of the Linnean
Society, 2010, ••, ••–••.
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INTRODUCTION

Vertebrate teeth have evolved in a direct relationship
with ecological aspects, particularly feeding habits. In
all groups, species radiation involved a wide tooth
morphological diversity related to food features such
as energy content and mechanical properties. Tooth
shape variation relative to diet types has been studied
in extant sharks, bony fishes, crocodiles, lizards, and
marsupial and placental mammals, as well as extinct
taxa such as pelycosaurs, ichthyosaurs, and dinosaurs
(Massare, 1987; Sumida & Murphy, 1987; Hanken &
Hall, 1993; Reilly, McBrayer & White, 2001; Rüber &
Adams, 2001; Briggs & Crowther, 2003; Ungar &
M’Kirera, 2003; Herrel, Vanhooydonck & Van Damme,

2004; Geerinckx, De Poorter & Adriaens, 2007). In
most cases, shape variation includes a strong phyloge-
netic component that determines similarities and dif-
ferences beyond ecological convergences. In modern
adult amphibians, some tooth morphological varia-
tions are suggested to be correlated with dietary
specialization in several groups. For example, unlike
most of anuran species, ceratophryines (Ceratophry-
idae), Hemiphractus (Hemiphractidae), and Pyxiceph-
alus (Pyxicephalidae) have nonpedicellate monocuspid
teeth, show aggressive bitting behaviour, and eat large
vertebrate prey; these species also have well-developed
odontoids (i.e. fang-like outgrowths of the lower jaw;
Fabrezi, 2001; Fabrezi & Emerson, 2003).

Labial teeth of anuran tadpoles differ from calcified
teeth in composition, morphology, and developmental
pattern. They are also called ‘keratodonts’ (Van Dijk,
1966; Dubois, 1995) to highlight its nonhomologous*Corresponding author. E-mail: florivc@yahoo.com
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nature regarding adult anuran true teeth and teeth of
other vertebrates. Labial teeth are single keratinized
structures derived from the activity of epidermal cells
(Fiorito de López & Echeverría, 1984, 1989). They are
arranged in rows on parallel transverse ridges on the
upper and lower labia of the oral disc; the number
and configuration of tooth rows is expressed as a
labial tooth row formulae (LTRF). Each erupted labial
tooth normally sits on top of several replacement
teeth constituting a labial tooth series that extend
deep into the labial tooth ridge (Héron-Royer & Van
Bambeke, 1889; Altig, 2007). Most labial teeth have
three regions: a strongly compressed sheath, a flat-
tened, more or less convex head with or without
cusps, and a weakly delimited body connecting them
(Altig & Pace, 1974). Analogous structures from
distant taxa include cestode hooks (Dujardin &
Duriez, 1995), molluscan radular teeth (Padilla,
2003), and the unculi of loricariid catfishes (Geer-
inckx, De Poorter & Adriaens, 2007).

Labial teeth are involved in substrate anchoring and
feeding mechanisms; they momentarily affix the oral
disc to a substrate so that the jaw sheaths remain close
to the surface, and then labial tooth rows are released
in a serial fashion to lift material off the surface and
generate a suspension of food particles that are sucked
into the mouth (Taylor, Altig & Boyle, 1996; Wassersug
& Yamashita, 2001). Labial tooth morphological varia-
tion could be expected to occur among tadpoles that
inhabit different microhabitats or feed on different food
types and through different mechanisms. Alterna-
tively, labial tooth phenotypic variations could respond
mainly to historical constraints and exhibit a taxo-
nomic structure unrelated to ecological types.

The present study comprises a first approach for
studying labial tooth evolution in tadpoles. We first
survey morphological variation through a geometric
morphometric ordination method. The first studies of
the diversity of tadpole labial tooth shapes (Héron-
Royer & Van Bambeke, 1889 and Gosner, 1959)
involving European and North American species
emphasized variations in cusp pattern. We explored
other sources of variation in addition to cusp patterns
and focused on features that likely have functional
implications. For example, the shape of the base, as it
affects the strength of the rooting of the teeth, and the
overall curvature of the labial tooth, as it affects the
angle of attack and allowable forces before breakage.
We then use a phylogenetic comparative method in
order to correlate shape variables with phylogenetic
information and ecomorphological guild membership.

MATERIAL AND METHODS

We worked with labial teeth of anuran tadpoles of 108
species (54 genera and 23 families) from Herpetologi-

cal Collections of the Smithsonian Institution, Fun-
dación Miguel Lillo, and personal collections of the
authors (a list of species is provided in the Supporting
information, Table S1). Most tadpoles were in Gosner
Stages 30–37 (Gosner, 1960), except for Trachyceph-
alus venulosus (Stage 39). The phylogenetic hypoth-
esis employed as a framework for the analyses was
based on Frost et al. (2006; updated in Frost, 2009),
Grant et al. (2006), Pramuk (2006), Ponssa (2008),
Barrionuevo (2009), and Cei (1980). This hypothesis
constitutes a meta-tree in the sense that it combines
phylogenetic analyses of various degrees of robust-
ness, by grafting phylogenies onto a fixed-base tree
(Funk & Specht, 2007). Species were assigned to
ecomorphological guilds sensu Altig & McDiarmid
(1999a). Tadpole guilds were originally defined on the
basis of developmental modes, microhabitats, and
several external morphological features (e.g. body
shape, tail shape, and oral disc features); labial teeth
were not considered in that categorization so,
although a fair amount of labial tooth shape variation
might be expected to be related to guilds, it could be
that labial tooth variation occurs independently.

The shape analysis was performed on images of
each labial tooth in left, lateral view (right-oriented
images were reversed with the assumption that this
would not affect the results significantly). The images
come from three sources: (1) scanning electron micros-
copy micrographs (Altig & Pace, 1974); (2) a published
image (Orrico, Mongin & Carvalho-e-Silva, 2007); and
(3) photographs taken via light microscopy. In the
latter case, teeth were extracted from the medial
section of the uppermost tooth row (A1 row) with
small forceps or micropipette and air-dried on micro-
scope slides. In those tadpoles with LTRF > 2/3 that
add upper labial rows distally during oral ontogeny
(e.g. Hypsiboas curupi), we selected the second upper
row in a proximo-distal direction from the upper jaw
sheath, which is suggested to be homologous to row
A1 in LTRF 2/3 tadpoles (Altig & Johnston, 1989). In
Ascaphus truei, the very unusual labial teeth from the
third posterior row (row P3; Altig & Pace, 1974) were
considered. Although we removed and photographed
several labial teeth (1–10) per tadpole to explore
intraindividual variation, only one randomly selected
labial tooth was included in subsequent quantitative
analyses. Images were treated with an image editing
software before data acquisition, by manually digitiz-
ing an outline along inner and outer profiles. In some
teeth, cusps along the head margin are very long,
curved, and project into the lateral profile; in those
cases, cusps were not considered part of the outline.
Most teeth were also photographed in the frontal
view, although shape variation could not be quantified
because of methodological problems with outline
acquisition. Nevertheless, the information provided
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by the labial tooth face view was qualitatively
described and taken into account in the discussion.

For the labial tooth lateral views, we applied mean-
centered extended eigenshape analysis (Lohmann,
1983; MacLeod, 1999), which requires coordinates of
points along an outline plus landmarks placed at
comparable geometrical points. The additional land-
marks on the outline constrain the sequencing of the
boundary coordinate points and force them into align-
ment, and then the degree of shape variation gener-
ated through biological miscorrespondence of the
outline can be reduced (MacLeod, 1999). The outlines
were captured automatically with TPSDIG2 (Rohlf,
2008), excluding the connection between the labial
tooth bases because this area can be broken or diffi-
cult to distinguish in light photographs. Each outline
was thus represented through an open curve formed
of 200 pairs of equidistant boundary coordinates;
MacLeod (1999) recommended not artificially closing
the outlines because this might inflate the interobject
similarity estimates. Three additional landmarks
were located at the labial tooth front and back bases
and the tip. The dataset was submitted to the
internet-accessible extended eigenshape MORPHO-
TOOL (Krieger, 2008), which implements previously
described techniques (MacLeod, 1999, 2002; Krieger,
Guralnick & Smith, 2007). As a previous step, the
analysis uses a recursive search for the minimum
number of boundary coordinates needed to reproduce
the perimeter of the original curve; these reductions
increase the computational efficiency of the subse-
quent multivariate analyses and can affect the orien-
tation of the eigenshape axes (MacLeod, 1999).
Intralandmark boundary curves were interpolated
such that a minimum of 99% accuracy in the inter-
polated length was achieved over the entire sample.
Figure 1 shows the scheme of data preparation from

the original image to the outline with the new inter-
polated set of points. Each set of coordinates was then
converted to a phi function (Zahn & Roskies, 1972),
which represents the set of angle changes required to
move around the outline, removing rotation, scale,
and positional information. The phi functions were
employed as variables in a singular value decompo-
sition, which calculates variation axes that define a
morphospace on which the objects (teeth) are scat-
tered; the ordination was carried out on the variance
matrix (instead of the correlation matrix) because a
previous normalization would increase the contribu-
tion of variables with low variance, and this can cause
some very different shapes to appear similar (Rohlf,
1986; MacLeod, 1999). Finally, the analysis allowed
for the modelling of shapes along the eigenshapes,
which is useful for the interpretation of trends in
morphological change on the axes; for each eigen-
shape axis, five models were generated, corresponding
to the minimum, 25%, 50%, 75%, and maximum
scores.

To explore the relationship between labial tooth
shape, ecomorphology and phylogenetic structure, we
applied a canonical phylogenetic ordination (CPO;
Giannini, 2003), which consisted in this case of a
variance partitioning analysis by partial redundancy
analysis (Borcard, Legendre & Drapeau, 1992) involv-
ing a phylogenetic tree matrix. This allows the vari-
ance of the main labial tooth shape matrix (phi
functions for each species) to be accounted for by two
external matrices of predictor variables. Ecomorpho-
logical and phylogenetic matrices are constructed
assigning each species 0 s and 1 s for guild/clade
membership until each taxon is assigned to all the
groups to which it belongs. The CPO then specifies a
relevant subset of groups/clades (i.e. groups that best
explain the pattern in the main morphological
matrix) according to a Monte Carlo randomization
test; the final model is built by a process of group
selection based only on the subset of individually
significant groups. An F-test is performed, and the
total amount of variation explained by external matri-
ces is calculated as a ratio of inertias. The explained
variation can be then discriminated into variation
explained purely by ecomorphological guilds, purely
by phylogeny, and shared variation. Multivariate
analyses were carried out with CANOCO 4.5 (Ter
Braak & Smilauer, 1997). One methodological issue is
worth noting in that we did not include a character-
change model in our analysis. On one hand, as men-
tioned above, the phylogenetic hypothesis used
comprises a meta-tree representing a combination of
available hypothesis (even current classifications not
necessarily based on explicit phylogenetic analysis),
and thus we have no comparable branch length infor-
mation for all our taxa. On the other hand, CPO does

Figure 1. Schematic representation of the labial tooth
outline acquisition: (A) original image, (B) open outline
captured automatically, and (C) outline with interpolated
coordinates (79 and 37 points for inner and outer inter-
landmark segments; 99% accuracy regarding the original
outline) plus landmarks on comparable geometrical points
(L1–3).
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not require (although it permits) explicit microevolu-
tionary assumptions, and we agree with Giannini
(2003) with respect to restricting the testing of phy-
logenetic effects on nonmolecular comparative data to
tree topology alone. As explained by Giannini (2003),
we understand that there is no reason to assume that
the processes controlling evolutionary variation in the
genes that originated the phylogeny are the same as
those controlling evolution in a morphologic compara-
tive trait. A more profound discussion on the use of
branch lengths and evolutionary models in general is
addressed elsewhere (Giannini, 2003; Goloboff, 2003).

Finally, we used TNT available from http://www.
cladistics.com/aboutTNT.html to fit labial tooth shape
data to the phylogenetic meta-tree we employed. The
matrix of interpolated (calculated with extended
eigenshape analysis) and aligned (with TPSRelw;
Rohlf, 2005) coordinates was submitted to TNT to
calculate the optimal ancestral position for each point
in the outline through a generalization of Farris opti-
mization (Catalano, Goloboff & Giannini, 2010). The
locations for the ancestral points that minimize
ancestor/descendant differences are found, and this
results in a reconstruction of the ancestral labial
tooth for each node.

Teeth are progressively smaller as one proceeds from
medial to lateral within a row, and young labial tooth
generations, and young and metamorphic specimens
often produce teeth with few cusps (Hosoi et al., 1995;
Altig R. & Vera Candioti M. F., pers. observ.). To assess
the effects of some of these variations and provide a
calibration of how intraspecific variation relates to
interspecific variation, we analyzed labial tooth sam-
ples from all rows of the sibling species Leptodactylus
latrans and Leptodactylus chaquensis (LTRF 2/3; N = 2
per species, Stages 31–33). Nine teeth per row (left,
centre, right parts of each row, and erupted, middle,
and deep from each labial tooth series) for a total of 90
teeth per species were analyzed as described above.

RESULTS
LABIAL TOOTH GENERAL CONFIGURATION

Most labial teeth have three well differentiable parts:
(1) a spatulate or oblong head, more or less convex
with cusps that vary in number, shapes, and orienta-
tions along the head; (2) a weakly delimited body; (3)
and a broad, laterally compressed sheath, with differ-
ent inner (oral) and outer profiles. In a few species
(e.g. Ceratophrys cranwelli and Spea bombifrons),
labial teeth are noncusped (Figs 2, 3). A summary of
the distinctive labial tooth features in the species we
studied, as well as descriptions of labial teeth of
tadpoles studied by other researchers, are provided in
the Supporting information (Table S1); we tried to

compile all literature referring to labial tooth shape,
although we might have inadvertently missed some
pertinent studies.

EXTENDED EIGENSHAPE ANALYSIS

The interpolation of coordinates to 99% of the origi-
nal outline resulted in 79 and 37 points for inner
(oral) and outer interlandmark segments, respec-
tively. In the shape analysis, the first two eigen-
shapes accounted for approximately 46% of the total
variation (Fig. 4). The first axis shows variation of
the general curvature of the labial tooth axis seen
primarily as the inclination of the head to the body.
The taxa with higher scores (i.e. more curved labial
teeth) include L. latrans, Odontophrynus achalensis,
Pseudacris ornata, Telmatobius ceiorum, Telmato-
bius atacamensis, Thoropa miliaris, and S. bombi-
frons. The taxa with lower scores (i.e. less curved
labial teeth) include Ansonia muelleri, Calyptoceph-
alella gayi, C. cranwelli, Leptopelis natalensis, Phyl-
lomedusa sauvagii, and Polypedates leucomystax.
The second axis shows variation on the proportion
between inner (oral) and outer labial tooth profile (@
angle between labial tooth base and labial tooth tip,
the oral angle) and the head shape; A. truei repre-
sents an extreme with an oral angle < 90 ° and a
short, very curved head, and S. bombifrons and
Phyllomedusa boliviana have oral angle > 90 ° and
longer heads. A third axis (10.5% of the remaining
variation; not shown) shows variation in sheath
width; Leptobrachium montanum and S. bombifrons,
and Rana cascadae and Alsodes sp. are the widest-
and narrowest-based, respectively.

CANONICAL PHYLOGENETIC ORDINATION

Monte Carlo permutation tests on ecomorphological
and phylogenetic matrices reduced the number of
significant groups to be included in the CPO model. In
the phylogenetic matrix, six partitions were signifi-
cant for labial tooth shape ordination independently
of ecomorphological guilds: Sokolanura, Anomocoela,
Hyloides/Ranoides, Pelodryadinae + Phyllomedusi-
nae, Lophiohylini + Hylini, and Bufonidae excluding
Melanophryniscus (together, these accounted for 32%
of the total labial tooth shape variation; P = 0.001–
0.026). In the ecomorphological matrix, only a small,
phylogenetically independent effect of the suctorial
and gastromyzophorous guilds was significant (7% of
the total variance; P � 0.002). Table 1 shows indi-
vidual significances of groups in both external
matrices, and Table 2 summarizes the variance par-
titioning results of the labial tooth shape matrix; the
overall variance in labial tooth shape explained by
ecomorphological guilds and phylogeny is 49% and,
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after the partial CPO, this variance was partitioned
into variances unique to ecomorphological guilds (7%
of the labial tooth shape matrix), unique to phylogeny
(35%), and the shared variance (7%).

LABIAL TOOTH SHAPE OPTIMIZATION

Figure 5 shows labial tooth outlines on the phyloge-
netic meta-tree we employed. The labial teeth of most
basal taxa (e.g. A. truei, Alytes obstetricans, S. bom-

Figure 2. Lateral views of some of the labial teeth analyzed. AS, Alsodes sp.; CG, Calyptocephalella gayi; CC,
Ceratophrys cranwelli; CR, Crossodactylus schmidti; GG, Gastrotheca gracilis; HPC, Hypsiboas curupi; HPF, Hypsiboas
faber; KS, Kassina senegalensis; LEE, Leptodactylus elenae; LEF, Leptodactylus fuscus; LEP, Leptodactylus cf. pentadac-
tylus; LG, Limnomedusa macroglossa; OL, Odontophrynus lavillai; PHA, Phyllomedusa azurea; PHB, Phyllomedusa
boliviana; PHS, Phyllomedusa sauvagii; PLT, Pleurodema thaul; PLU, Pleurodema tucumanum; POL, Polypedates
leucomystax; PP, Pseudis platensis; PSC, Physalaemus cuqui; PSS, Physalaemus santafecinus; RF, Rhinella fernandezae;
RQ, Rhinella quechua; SA, Scinax acuminatus; SF, Scinax fuscovarius; SB, Spea bombifrons; TM, Thoropa miliaris; TS,
Telmatobius schreiteri; TV, Trachycephalus venulosus. Scale bars = 0.005 mm, except for AS, CG, CR, HPC, HPF, LEF, LG,
OL, and TV, where the scale bar = 0.02 mm.
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bifrons, L. montanum, and Heleophryne regis) are
broad-based and curved. The oral angle is acute in
Ascaphus, obtuse in the ancestor of Hyloides, and
straighter in the ancestor of Ranoides; these two
major groups also differ in labial tooth overall curva-
ture and sheath width. Detailed taxonomic variation

is summarized and compared with published data in
the Supporting information (Table S1).

INTRASPECIFIC VARIATION

The first three eigenshapes account for axes of 60% of
the total variation of labial tooth shape of L. latrans

Figure 3. Frontal views of some of the labial teeth analyzed. Images are shown for illustrative purposes but were not
quantitatively analyzed because of problems with outline acquisition as mentioned in the text. CG, Calyptocephalella gayi;
CR, Crossodactylus schmidti; GG, Gastrotheca gracilis; HPA, Hypsiboas andinus; HPG, Hypsiboas rosenbergi; HPR,
Hypsiboas raniceps; KS, Kassina senegalensis; LEE, Leptodactylus elenae; LEB, Leptodactylus bufonius; LEL, Leptodac-
tylus latrans; LEP, Leptodactylus cf. pentadactylus; LG, Limnomedusa macroglossa; MR, Melanophryniscus rubriventris;
OA, Odontophrynus achalensis; OB, Odontophrynus barrioi; PHA, Phyllomedusa azurea; PHB, Phyllomedusa boliviana;
PLB, Pleurodema borellii; PLG, Pleurodema cf. guayapae; PLU, Pleurodema tucumanum; POL, Polypedates leucomystax;
PP, Pseudis platensis; PSB, Physalaemus biligonigerus; PSC, Physalaemus cuqui; RF, Rhinella fernandezae; RH, Rhinella
schneideri; RM, Rhinella major; RQ, Rhinella quechua; SA, Scinax acuminatus; SN, Scinax nasicus. Scale
bars = 0.005 mm, except for CG, CR, HPR, LG, OA, and OB, where the scale bar = 0.02 mm.
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Figure 4. Scatterplot of species (N = 108) grouped by genera on the first two eigenshapes (ES1–ES2 @ 46% total
variation) plus models of morphological shape change along each axis; labial teeth modelled at the minimum, 25%, 50%,
75%, and maximum scores. Morphological variation, highlighted in the overlapped outlines, relates mainly to the overall
curvature of the labial tooth, oral angle, and head shape. Mean shape (at plot coordinates 0,0) is shown within the square
at the right of the plot. Genera with more than two species included are shown as shaded polygons. AF, Allobates
femoralis; AG, Acris gryllus; AM, Ansonia muelleri; AO, Alytes obstetricans; AP, Atelopus cf. petersi; AS, Alsodes sp.; AT,
Ascaphus truei; AX, Anaxyrus terrestris; BO, Boophis sp.; BS, Batrachyla sp.; CC, Ceratophrys cranwelli; CE, Centrolenid
sp.; CG, Calyptocephalella gayi; CR, Crossodactylus schmidti; GG, Gastrotheca gracilis; GP, Gastrotheca pseustes; HG,
Hemisus guttatus; HP, Hypsiboas spp.; HR, Heleophryne regis; HT, Hyperolius tuberilinguis; HU, Huia cavitympanum;
HY, Hyla spp.; KS, Kassina senegalensis; LE, Leptodactylus spp.; LG, Limnomedusa macroglossa; LI, Lithobates spp.; LM,
Leptobrachium montanum; LN, Leptopelis natalensis; LTG, Litoria genimaculata; LTN, Litoria nyakalensis; MR, Mel-
anophryniscus rubriventris; MS, Mantidactylus sp.; MT, Mannophryne trinitatis; NB, Natalobatrachus bonebergi; NP,
Nyctixalus pictus; OD, Odontophrynus spp.; OV, Osteocephalus verruciger; PC, Plectrohyla chrysopleura; PD, Pleurodema
spp.; PE, Pyxicephalus edulis; PH, Phyllomedusa spp.; PL, Pseudis limellum; POL, Polypedates leucomystax; POM,
Polypedates megacephalus; PP, Pseudis platensis; PS, Pseudacris spp.; PY, Physalaemus spp.; RC, Rana cascadae; RH,
Rhinella spp.; RP, Rhacophorus pardalis; SB, Spea bombifrons; SC, Schismaderma carens; SG, Strongylopus grayii; SM,
Smilisca baudinii; SX, Scinax spp.; TE, Telmatobius spp.; TM, Thoropa miliaris; TV, Trachycephalus venulosus.
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and L. chaquensis. Although a marked overlap is
evident, a tendency for species to separate on ES3 can
be observed, especially among erupted labial teeth
(Fig. 6). A multivariate analysis of variance on the
whole eigenshape score matrix resulted in significant
differences between species (Wilks’ lambda = 0.241,
P @ 0.00000; differences were significant in univariate
tests from ES3: F = 29.242, P � 0.00001).

DISCUSSION

Species ordination based on labial tooth shapes in
lateral view shows obvious interspecific variations.
Morphological variations relate mainly to the general
curvature of the labial tooth axis; the angle between
the labial tooth base and labial tooth tip; head shape;
and sheath width. As shown by the canonical phylo-
genetic ordination, this variation is better explained
by phylogenetic structure than by tadpole ecology.

PHYLOGENETIC PATTERNS

Labial tooth shape variations appear at several taxo-
nomic levels. Most families overlap their distributions

in the ordination plot and share labial teeth similar to
the average labial tooth; basal non-neobatrachians
and Heleophryne tadpoles diverge with very curved
labial teeth and varied sheath widths, whereas
arthroleptid, hemisotid, and calyptocephalellid labial
teeth are comparatively straight and narrow (Fig. 4).
Curved, broad-based labial teeth optimize as ances-
tors in major clades, and labial teeth tend to be
progressively straighter and narrower (Fig. 5). On the
basis of labial tooth features of Ascaphus and its basal

Figure 5. Phylogeny of the studied species showing labial tooth shapes in several taxa. The meta-tree was based on Frost
et al. (2006), Grant et al. (2006), Pramuk (2006), Ponssa (2008), Barrionuevo (2009), and Cei (1980). Abbreviations next
to species names represent ecomorphological guilds (Altig & McDiarmid, 1999a). Clades that were significant in canonical
phylogenetic ordination (Tables 1, 2) are marked with an asterisk. Outlines on the right are representatives of families,
corresponding to observed labial teeth of single specimens (black outlines) and averages of families regarding the overall
consensus shape (thin plate splines; Rohlf, 2005). Outlines on the left are optimized shapes for ancestral labial teeth
(Catalano et al., 2010) in major clades and in significant clades after canonical phylogenetic ordination; vectors on the
outlines depict the shape change from corresponding ancestors. AD, adherent; AR, arboreal; CA, carnivore; CL, clasping;
FO, fossorial; GA, gastromyzophorous; LEB, lentic benthic; LOB, lotic benthic; NE, nektonic; SR, suspension-rasper; ST,
semiterrestrial; SU, suctorial.

�

Table 1. Results of Monte Carlo permutation tests of individual ecomorphological groups and individual monophyletic
clades for the labial tooth shape matrix (a = 0.05; significance levels: * 0.05, ** 0.01, *** 0.001), F- and P-values after 999
Monte Carlo irrestrict permutations, and percentage of the variation explained (with respect to total unconstrained
variation)

F P % Variance
Cumulative
% variance

Monophyletic clades
Hyloides/Ranoides 14.45 0.001*** 11 11
Anomocoela 14.07 0.001*** 9 20
Lophiohylini + Hylini 7.93 0.001*** 4 24
Sokolanura 4.83 0.010** 3 27
Bufonidae excluding Melanophryniscus 4.46 0.008** 3 30
Pelodryadinae + Phyllomedusinae 3.51 0.026* 2 32
Remaining partitions 1.41–2.50 0.082–0.225 3 35

Ecomorphological guilds
Gastromyzophorous 6.16 0.002** 4 4
Suctorial 5.92 0.004** 3 7

Table 2. Summary of the results of the canonical phylo-
genetic ordination of labial tooth shape, ecomorphological
guilds, and phylogeny of tadpoles of 108 species

% Variance

Exclusively phylogeny 35%
Exclusively guilds 7%
Shared 7%
Not explained either by

guilds or phylogeny
51%

100%
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position in most phylogenetic hypothesis, Noble
(1926) and Altig (2006) suggested that the hypotheti-
cal ancestral tadpole likely had labial teeth with
short, weakly spatulate heads, cusps small to lacking,
and an initial function of stabilizing the oral
disc. Conversely, Gosner (1959) noted that fully
cusped labial teeth occur in basal Alytidae and Bom-
binatoridae, and that larvae of both Ascaphus and
Anomocoela are so specialized ecologically and mor-
phologically that it is reasonable that labial tooth
form in these species may also be specialized. Conse-
quently, Gosner (1959) interpreted labial tooth reduc-
tion in several advanced groups (i.e. hylids and
ranids) as independently derived events. It is possible
that the ancestral condition for anurans involved a
multiserial, burr-like surface of firmly attached labial
teeth as seen in the distal rows of A. truei (Altig,
2006). In that scenario, the evolution from short,
curved, broad-based to slender, longer labial teeth is
consistent with the acquisition of a more flexible oral
disc, related to the progressive appearance of muscu-
lar control for the upper jaw (Lalagobatrachia), oral
disc extrinsic musculature (Sokolanura), and unise-
rial labial tooth rows (Acosmanura) (Haas, 2001,
2003; Wassersug & Yamashita, 2001). The divergence
of the major clades Hyloides and Ranoides included
differences in labial teeth; the labial teeth of most
Hyloides have a straight or obtuse oral angle and a
long, curved head. The sample of Ranoides included
in this analysis is much smaller than that of Hyloides
and, although several families are represented, the
labial tooth diversity is surely underestimated. When
compared with hyloids, ranoid labial teeth are gener-
ally straighter, slightly broader, and have a straight
or acute oral angle.

Several genera are distinct based on the labial
tooth features. Hyla and Hypsiboas (until recently

considered to be the same genus) differ in labial tooth
curvature and sheath width. Ceratophryine genera
range from labial teeth absent in Lepidobatrachus,
straight, noncusped labial teeth in Ceratophrys, and
curved, cusped labial teeth in Chacophrys (Quinzio,
Fabrezi & Faivovich, 2006; S. Quinzio, unpubl. data).
Basal species of the clade grouping all bufonids
excepting Melanophryniscus have broad-based labial
teeth with short, thick heads; conversely, labial teeth
of Anaxyrus and Rhinella are narrow-based, curved,
and have long, narrow heads. On the other hand,
tadpoles of some genera have labial teeth that
resemble those of tadpoles of closely-related taxa. For
example, although different in the overall curvature
and sheath width, labial teeth of Pseudis have trian-
gular heads with two to four distal cusps, similar to
other dendropsophini tadpoles with reduced mouth-
parts (Echeverría, 1997; Faivovich et al., 2005).
Labial tooth shape variation is in general also con-
sistent with intrageneric grouping within several
genera (e.g. Lithobates, Phyllomedusa, Physalaemus,
Pleurodema, and Rhinella; see Supporting Informa-
tion, Table S1). For example, labial teeth of tadpoles
of the Pleurodema nebulosum Group have shorter and
less cuspate heads than those of the P. cinereum
Group. In some cases, there is also variation within
species groups; for example, Leptodactylus elenae (L.
fuscus Group) differs from the remaining species
within the group by having comparatively straighter
labial teeth with very short cusps, and the sibling
species Physalaemus santafecinus and Physalaemus
biligonigerus differ in overall labial tooth curvature.

There are studies showing that the larval labial
tooth row formula is achieved through sequential
adding of tooth rows during early stages (Thibaudeau
& Altig, 1988). Conversely, the ontogeny of individual
labial tooth is not well studied, although some data
suggest that the shape and size are changed during
development; labial teeth are smaller at the begin-
ning and the end of the larval period, with shorter
heads and scarcer, short cusps (Fig. 7) (Hosoi et al.,
1995; Grosjean, 2005). Echeverría (1997) commented
that, in species with few labial teeth, individual labial
teeth are often tiny or weakly developed. We also
noted that several taxa in our sample have alterna-
tive configurations of labial teeth that vary from
numerous, marginal cusps to few, distal cusps; in
many of these groups, labial teeth with few cusps
co-occur with fewer labial rows compared to related
taxa. This occurs in genera relative to other genera
(e.g. Dendropsophus and Pseudis compared to clade
outgroups; Eupsophus and Insuetophrynus relative
to other cycloramphids), within genera (e.g. Lepto-
dactylus pentadactylus Group; P. nebulosum Group;
Scinax acuminatus and Scinax boulengeri relative to
other Scinax; Osteopilus ocellatus relative to other

Figure 6. Three-dimensional scatterplots of Leptodacty-
lus chaquensis and Leptodactylus latrans (LC and LL;
N = 180) on the first three eigenshapes (ES1–ES2–
ES3 @ 60% total variation) that illustrate intraspecific
variation. A, labial teeth from several sectors of the labial
tooth rows and replacement series. B, only erupted labial
teeth. Note the tendency of both groups to separate along
the ES3 related mainly to labial tooth sheath width.
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Osteopilus; Lithobates heckscheri and Lithobates
areolatus relative to other Lithobates; Rana aurora
and Rana pretiosa relative to other Rana), and even
within species groups (e.g. Rhinella fernandezae rela-
tive to Rhinella major) (Gosner, 1959; Cei, 1980;
Lannoo, Townsend & Wassersug, 1987; Echeverría,
1997; Lavilla, Ponssa & Saleme, 2000; Borteiro et al.,
2006; Rabanal & Formas, 2009; Vera Candioti, Nuñez
& Ubeda, 2010). This may result from changes in
developmental patterns, such that, from a generalized
oral configuration (labial tooth row formula 2/3 and
labial teeth with several marginal cusps), some
species derive by modifying their oral ontogenies (e.g.
by developmental truncation) and then show fewer
labial rows and individual labial teeth with fewer
cusps. This was already suggested for the arboreal
tadpoles of Osteopilus and Anotheca by Wassersug
(1980) and Lannoo et al. (1987), who proposed that
the origin of reduced labial row number and indi-
vidual labial teeth might be the result of a shift in the
timing of development, related to macro- and oophagy.
Comparative data on oral ontogenies of closely-
related species with different labial tooth morphology
together with phylogenetic hypotheses would be
insightful for an understanding of the evolution of
different oral apparatus configurations.

ECOMORPHOLOGICAL PATTERNS

Keratinized labial teeth are a synapomorphy of Anura
(Frost et al., 2006), although they are secondarily lost
in several groups, in some cases related to ecological
aspects. Labial teeth are absent in pipids, rhino-
phrynids, microhylids, some neustonic forms with
upturned oral discs (e.g. Megophrys, Silverstoneia flo-
tator, and Leptodactylodon), megalophagous Lepi-
dobatrachus, some macrophagous Dendropsophus and
Occidozyga, burrowers such as Cochranella and Lep-
tobrachella, and some lenthic/lotic benthic tadpoles of
Cardioglossa, Opisthothylax, and Taudactylus. Also,

endotrophic tadpoles from various families lack labial
teeth.

Among species with labial teeth, not all ecomor-
phological guilds could be included in the present
study, and species per guild are not sufficient to
define clear trends; however, in some cases, labial
tooth morphology is related to tadpole ecology
although it explained a small percentage of shape
variation (7%) (Fig. 8; Tables 1, 2). As noted by Altig
& Johnston (1989), labial tooth shape may affect the
style and length of substrate contact and the pres-
sure needed to keep the labial tooth implanted or in
proper alignment; this would have consequences for
substrate adhesion in different microhabitats. Some
trends related to microhabitat are evident. Lotic tad-
poles commonly have large, ventral oral discs with
uninterrupted marginal papillae, and labial rows
with smaller labial teeth arranged more densely than
in lentic forms (Altig & Johnston, 1989). Further-
more, Van Buskirk (2009) found significant differ-
ences between stream and pond tadpoles, with
stream species having arched anterior labial tooth
rows, a narrow mouth, and a thin lower jaw sheath.
Individual labial tooth shape may also affect sub-
strate adhesion (Littlejohn & Martin, 1965; Odendaal
& Bull, 1980; Odendaal, Bull & Nias, 1982). In the
present study, a phylogenetically independent eco-
morphological effect is significant for guilds of tad-
poles from fast-flowing systems (gastromyzophorous
and suctorial, P � 0.004) (Tables 1, 2). The gas-
tromyzophorous tadpoles of Atelopus and Huia have
labial teeth with broad sheaths, curved heads, and
an acute oral angle. The four suctorial species we
studied (i.e. A. truei, H. regis, Litoria nyakalensis,
and A. muelleri) have similar labial teeth with some
differences in the overall curvature and head shape
(Fig. 9) (Inger, 1960, 1985). Functionally, broad-based
labial teeth positioned on flattened, broad-based
tooth ridges, and shallow interrow valleys (Altig &
Johnston, 1989) likely constitute a stronger, resistant
system for substrate adhesion. Also, the labial teeth
of A. truei and other torrent tadpoles have extended
front bases (which results in an acute oral angle)
that extend into the interrow tissue; this is inter-
preted as a bracing mechanism to keep the labial
teeth from either pulling out too easily or to keep the
entire series from collapsing backwards when under
pressure (Altig & Pace, 1974; Altig & Johnston,
1989). Cusp pattern could be also functionally corre-
lated with substrate adhesion. In Rhinella quechua,
the long, distal cusps, almost aligned at the labial
tooth tip, could increase labial tooth contact and
working surface. The curved labial teeth with numer-
ous cusps of Amolops, Huia, and Meristogenys
(Ranidae, gastromyzophorous) and Rhacophorus
gauni (Rhacophoridae, torrent tadpole; Inger, 1985)

Figure 7. Ontogenetic variation in labial tooth shape in
Leptodactylus chaquensis. Lateral (left) and frontal (right)
views of a labial tooth of tadpoles at Gosner Stages (A) 31
and (B) 41. Images are to scale to show size reduction in
the labial tooth of the older specimen.
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would have the same function. An interesting obser-
vation is that the labial teeth of R. quechua and
Leptodactylus cf. pentadactylus are much alike in
that they are relatively curved, with short, broad,
thick heads, and long, distal cusps aligned at the
labial tooth tip (Fig. 10). This feature would add to
the similarities between macrophagous and rheophil-
ous tadpoles that have been reported in studies of
skeletal and muscular systems (Satel & Wassersug,
1981; Haas & Richards, 1998). By contrast, tadpoles
in lotic clasping, benthic and fossorial guilds (e.g.
species of Boophis, Plectrohyla, and Natalobatrachus,
Crossodactylus, Calyptocephalella, and Strongylopus,
and centrolenid sp., respectively) inhabit slower
flowing water (Altig & Johnston, 1989; Altig & McDi-

armid, 1999b). These habitats apparently do not
require special morphological traits, and labial teeth
in these species are often straighter, with straight
heads and an average sheath width (Figs 8, 9). At the
opposite extreme, the labial teeth of the only semi-
terrestrial species that we included (i.e. T. miliaris)
are among the most curved and have a strongly
curved head and comparatively wide sheath. Like-
wise, semiterrestrial tadpoles of Petropedetes mar-
tiensseni (Petropedetidae) have labial teeth with a
broad sheath and a strongly flexed head with numer-
ous cusps (Drewes, Altig & Howell, 1989). The lack of
data on labial teeth of other semiterrestrial tadpoles
precludes a more profound discussion on the rela-
tionship with microhabitat and behavior of these

Figure 8. Scatterplot of species (N = 108) grouped by ecomorphological guilds (Altig & Johnston, 1989) on the first two
eigenshapes (ES1–ES2 @ 46% total variation) plus models of morphological shape change along each axis; labial teeth
modelled at minimum, 25%, 50%, 75%, and maximum scores. AM, Ansonia muelleri; AP, Atelopus cf. petersi; AT, Ascaphus
truei; HR, Heleophryne regis; HU, Huia cavitympanum; LTN, Litoria nyakalensis; RQ, Rhinella quechua.
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tadpoles. Finally, labial teeth of tadpoles inhabiting
nonflowing and slow current water bodies are scat-
tered on the morphospace, and no clear pattern is
discernible among different microhabitats (i.e.
benthic, nektonic, and arboreal) (Figs 8, 9).

No ecomorphological guild was significant for labial
tooth shape ordination relative to feeding habits. Dif-
ferences in feeding habits that surely result in feeding
partitioning among sympatric tadpoles do occur
(Schiesari, Werner & Ling, 2009; Whiles et al., 2009),
although omnivory with a larger component of animal
tissues than expected is common. The role of labial
teeth on tadpole feeding mechanisms has been
explored in a series of recent contributions that show
how missing tooth rows alter feeding kinematics and
change foraging efficiency, revealing some constraints
that missing teeth have on feeding (Venesky, Parris &
Storfer, 2010a; Venesky, Wassersug, Parris, 2010b,c).
Regarding labial tooth shape, although specific data
are lacking, the harvesting ability of a given labial

tooth shape likely has a wide latitude that could be
particularly functional only under specific circum-
stances. Accordingly, data on gut contents obtained by
Gosner (1959) showed no clear relationship between
labial tooth shape and food preferences in most
species. Macrophagous carnivorous tadpoles share
several anatomical features (Wassersug & Hoff, 1979;
Vera Candioti, 2007), although labial teeth are very
different among the species we studied (Figs 2, 3, 4).
Altig & Johnston (1989) hypothesized that, in labial
teeth with numerous cusps, the large contact surface
surely provides an efficient tool for food removal; the
lack of cusps in some carnivorous tadpoles could be
compensated by a high labial tooth density or numer-
ous labial tooth rows (e.g. 95 per mm and LTRF 8/8 in
C. cranwelli; Vera Candioti, 2005). On the other hand,
Leptobrachium, Leptolalax, Scaphiopus, and even
carnivorous and herbivorous morphs within Spea (all
Anomocoela species) differ in several characters
(Satel & Wassersug, 1981; Pfennig & Murphy, 2000,
2002; Storz, 2004), although labial tooth morphology
remains the same regardless of the ecomorphological
guild (Gosner, 1959; Altig & Pace, 1974; Inger, 1985;
Hall, Larsen & Fitzner, 2002). The relationship
between labial tooth configuration and feeding habits
in other trophic guilds is also unclear. Finally, among
nonfeeding tadpoles, Thibaudeau & Altig (1999) iden-
tify a continuum ranging from larvae morphologically
almost identical to those of exotrophic species up to
highly modified ones that lack several larval charac-
ters, including an oral apparatus. The configurations
of keratinized mouthparts in species with reduced
oral discs has been scarcely studied, and some results
indicate that the reduction in number of rows may be
accompanied by reduction in the morphology of indi-
vidual labial teeth as well. In this regard, genera with
both exotrophic and endotrophic species (e.g. Cyclo-
ramphus and Gastrotheca; Heyer, 1983; Wassersug &
Duellman, 1984; Wiens, Kuczynski, Duellman &
Reeder, 2007) likely represent a profitable group for
studying the evolution of different oral configurations
relative to developmental modes.

Tadpoles have long been considered to exhibit
homodonty with labial teeth varying in size in various
rows and parts (lateral versus medial) of rows. Hosoi
et al. (1995) notes that the complexity of labial tooth
morphology may increase ontogenetically, and the dis-
cussion by Viertel et al. (2007) likely represents a
similar situation. A recent study by Haas et al. (2009)
notes the profound differences in labial tooth mor-
phology among rows of Ansonia tadpoles. Tooth func-
tional differences related to both substrate adhesion
and feeding mechanism in these suctorial tadpoles
could be expected. Finally, atypical labial teeth that
were not included in the present study warrant
comment (e.g. Phyllodytes gyrinaethes, Osteopilus

Figure 9. Labial teeth of tadpoles from some different
ecomorphological guilds: Suctorial: AM, Ansonia muelleri;
HR, Heleophryne regis; LTN, Litoria nyakalensis. Gas-
tromyzophorous: AP, Atelopus cf. petersi; HU, Huia
cavitympanum. Clasping: BO, Boophis sp.; NB, Natalo-
batrachus bonebergi; PC, Plectrohyla chrysopleura. Arbo-
real: AF, Allobates femoralis; MT, Mannophryne trinitatis;
NP, Nyctixalus pictus. Images are not shown to scale.

Figure 10. Comparison between labial teeth of (A)
Rhinella quechua (Bufonidae, gastromyzophorous) and (B)
Leptodactylus cf. pentadactylus (Leptodactylidae, carni-
vore). Lateral (left) and frontal (right) views showing
short, wide, thick heads with long, distal cusps almost
aligned at the labial tooth tip.
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brunneus, Mantidactylus lugubris, and species of
Hoplobatrachus; Lannoo et al., 1987; Peixoto, Caram-
aschi & Freire, 2003; Grosjean, Vences & Dubois,
2004; Altig, 2006). In all cases, the labial teeth are
drastically different from either congeners or other
close relatives, and all of them sit atop the local
epidermis as a series of stacked cones that do not
extend into the labial tooth ridge (Altig, Lathrop &
Murphy, 2009). Comparative developmental and
genetic control studies may help to elucidate whether
these unusual labial teeth are in fact modifications of
typical labial teeth or nonhomologous structures
involving different development mechanisms.

SUMMARY AND PERSPECTIVES

Although this initial analysis did not consider all
potential modifiers of labial tooth shape, the compari-
sons of shapes among taxa reveal similarities and
differences that vary between and among various
taxonomic levels and, in some cases, these are related
to tadpole ecology. The pattern of a large consensus
group with outliers of various kinds and distances
repeats what is known about tadpole diversity in
general. Such patterns imply that an average tadpole
shares a number of features with many taxa from
many families, even if lesser differences allow for
ecological segregation once the details are known.
Around this average cloud, there are various novelties
that presumably represent morphological excursions
into less competitive realms. At the same time, the
story remains frustratingly incomplete because we
lack important sets of data. There is no information
that equates labial tooth morphology with any specif-
ics of harvesting abilities or if, and in what cases (e.g.
substrate thick/thin, stiff/flimsy, or discrete/fibrous),
labial teeth versus the jaw sheaths are the primary
harvesting structures. Knowing the effects of varia-
tions of labial tooth shape on withstanding the
mechanical stresses (Freeman & Lemen, 2007) during
feeding would be informative, and the internal
structure of labial teeth (e.g. collagen fiber patterns
and internal struts; analogue in Seki, Schneider &
Meyers, 2005) as it affords strength to individual
labial teeth needs to be studied. Much more informa-
tion is needed on the mechanical structure and func-
tion of the labial tooth series. How the labial teeth in
a series are interdigitated, the curvature of the series,
how it is rooted in the labial tooth ridge, and how the
series responds during a feeding bite comprise perti-
nent data that are needed to better understand labial
tooth and labial tooth row functions. Many aspects of
tadpole morphology, including some mouthparts
(Bresler, 1954; Relyea & Auld, 2005), are quite plastic
under various conditions, and the presence of such
variations of labial teeth needs examination. Finally,

additional information is needed on the ontogenetic
changes of the sizes and shapes of labial teeth (Hosoi
et al., 1995) of different developmental generations
and whether these changes reflect a phylogenetic
progression and any changes in function and ecology.
In this context, the present study represents a first
approach to labial tooth shape variation that will be
useful for future comparative and functional studies.
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