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TOOTH FORM AND FUNCTION IN TEMNOSPONDYL AMPHIBIANS:

RELATIONSHIP OF SHAPE TO APPLIED STRESS

LARRY F. RINEHART AND SPENCER G. LUCAS
New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, NM 87104

Abstract—Temnospondyl amphibians were important members of the tetrapod fauna and the terrestrial verte-
brate food chain during the Paleozoic and early Mesozoic. The “labyrinthodont” teeth of these amphibians are not
simple cones; they exhibit an overall tooth form that is relatively complex and generally conserved over large
temporal and phylogenetic ranges. We assess the functional morphology of these teeth and show the relationship
of tooth shape to applied stress in three species of temnospondyl amphibians: the Pennsylvanian-Permian
eryopid Eryops; the Middle Triassic capitosaurid Eocyclotosaurus; and the Late Triassic metoposaurid
Koskinonodon. Beam theory was employed to develop strength profiles of the study teeth, which were then
compared to their bending moment and shear stress profiles. These profiles are a graphic representation of the
stress and strength along the longitudinal tooth axis at any position along the length of the tooth crown. This
analysis showed that the teeth were best adapted to loading in the labiolingual direction, and that their strength
varied as a cubic parabola, increasing from tip to base. In labial aspect the teeth have an approximately triangular
shape. When such a tooth has penetrated a prey item and is loaded in the labiolingual direction, its triangular shape
produces a uniformly varying load along the tooth length that results in a cubic parabola bending moment profile.
Whereas no correlation was seen between tooth strength profiles and shear stress profiles, the bending moment
stress profiles and tooth strength profiles were identical. Thus, shape has evolved to resist the applied bending
moment while maintaining good penetration and crack propagation in hard parts of the prey items and for optimal
performance during normal usage rather than to survive a relatively rare catastrophic impact.

INTRODUCTION

Jaws and teeth are of primary importance in the evolution of
vertebrate life and are the most commonly fossilized skeletal parts and
the most-studied biological apparatus. Some have considered the relative
size of the feeding structures of vertebrates to be evidence of speciation
and niche partitioning (Hutchinson, 1959) and as indicators of feeding
strategies and behavioral patterns (e.g., Henderson, 1998). Numerous
studies of the relationships of tooth form, function, and wear are present
in the biological and paleontological literature. Some investigations of
strength, both of complete tooth structures and their component materi-
als, are also available. As an example, Gianninia et al. (2004) experimen-
tally determined the tensile strength of human tooth enamel and dentin,
as well as their juncture. They found that all strengths were in the tens of
megapascals (units of pressure = force/area: 1 Pascal = 1 Newton/m2 and
1 MPa = 1 Newton/mm2) range, but varied based on location within the
tooth and orientation of the prismatic structure of the enamel.

Evans and Sanson (2003) explored the relationship of form and
function in mammalian teeth to answer the question of how close these
teeth are to their ideal functional form, that is, as mechanical devices for
shearing, crushing, puncturing and so forth. Their mechanical analyses
suggested that many forms (e.g., canine, carnassial, tribosphenic, etc) are
close to ideal, and they supported this conclusion by pointing to the
geologically long (~140 million year) evolutionary conservation of these
types. Yet, these same workers (Evans and Sanson, 2005) also noted that
in some bat teeth, ideal functionality was sacrificed for strength. This
seems an adaptive strategy in a mammal that cannot repeatedly replace
its teeth as do reptiles and amphibians. Clearly, adaptive trade-offs and
compromises are important factors in natural selection.

In studies of the mechanics of tooth shape, the teeth are often
treated as cantilevered beams. Christansen and Adolfssen (2005) used a
cantilevered beam model to determine canine tooth strength in various
felid, canid, and ursid species, noting that felids have the strongest ca-
nines.

In experiments using deer and pig hides, Freeman and Lemen
(2007) investigated the trade-offs between the shapes of felid canine
teeth that are best designed for penetration and those designed for maxi-
mum strength. To calculate strength they assumed the tooth to be a
simple cantilevered beam with a point load applied to the tip, and thus
that the bending moment profile along the length of the tooth was linear
(we discuss this point below). They calculated strengths at 5% and 20%
of length from the tooth tip. They found that a single parameter, the
taper of the essentially conical tooth, was the critical determining factor.
If the tooth taper was long and slender it penetrated well but was more
vulnerable to breakage, whereas a less acutely tapered tooth was stronger
but penetrated poorly. They found a strong correlation between their
predicted optimum taper and the taper seen in extant felids.

Here, we examine what was a very long-lived and evidently suc-
cessful tooth type of temnospondyl amphibians. This tooth type first
evolved in the Carboniferous and persisted little changed until the Early
Cretaceous, a geological time span of more than 300 million years. We
employ several lines of inquiry to assess the functional morphology of
these teeth and attempt to determine the biomechanical pressure that
directed the evolution of this successful morphology.

INSTITUTIONAL ABBREVIATIONS/TERMINOLOGY

Institutions: MCZ, Museum of Comparative Zoology, Harvard
University; MNHN, Muséum National D'Historie Naturelle, Paris;
NMMNH, New Mexico Museum of Natural History; NMNH, Na-
tional Museum of Natural History, Smithsonian Institution, Washing-
ton, D.C.; SMNS, Staatliches Museum für Naturkunde, Stuttgart; UCMP,
University of California Museum of Paleontology, Berkeley; ZPAL,
Institute of Paleobiology, Polish Academy of Sciences, Warsaw.

Terminology: We chose to use the standard dental terminology
of Peyer (1968, fig. 10) where labial and lingual indicate directions to-
ward the outside and the inside of the mouth, respectively, and mesial
and distal indicate direction along the curvature of the tooth rows. Mesial
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is toward the midline of the dental series (anterior center of the jaws) and
distal is toward the jaw joint, although intuitively one might suppose
that distal would refer to the  direction away from the jaw joint. This
choice was made to eliminate possible confusion over the orientation of
the major and minor axes of teeth with elliptical cross-sections that may
be found in the transversely-oriented anterior of the mouth or along the
longitudinally-oriented lateral margin of the mouth. Teeth are counted
from the anterior center of the jaws proceeding toward the jaw joint.

TEMNOSPONDYLI

The temnospondyl amphibians were a diverse and successful group
that were among the dominant tetrapods of the Paleozoic–early Meso-
zoic (Schoch and Milner, 2000) (Fig. 1). By the end of the Triassic, most
of the temnospondyls had become extinct, but they persisted at low
diversity until the Early Cretaceous, which was their final extinction.
Most workers have indicated that their dentition is adapted for a diet of
fish (e.g., Damiani et al, 2000; Dias and Schultz, 2003). Their teeth are
often described as conical, and indeed, they appear simple and conical,
but close examination reveals a highly adapted shape that varies from
base to tip (Fig. 2).

The teeth of temnospondyl amphibians are structurally "laby-
rinthodont," a form presumably inherited from crossopterygian ances-
tors (Peyer, 1968) and so-named for the complex infolding of their enamel
and dentine (Romer, 1947, 1956) (Fig. 2). The infolding is indeed laby-
rinthine, often showing secondary and tertiary folds on the primary
folds. All of the teeth of this study show longitudinal grooving, particu-
larly on the lower portion of the crown, which is an external indication of
the internal folding (Romer, 1933, 1956).

Possession of labyrinthodont teeth has in the past been given
phylogenetic significance and considered by some workers as diagnostic
of a family (Abel, 1919) or order-level systematic assignment (Kuhn,
1939a, b; Romer, 1947), or even a subclass-level taxon (Romer and Par-
sons, 1977). More recently the "Labrynthodontia" have been recognized
as a paraphyletic group (e.g., Milner et al., 1986; Benton, 1990; Carroll,
1990), and the term is currently used only as indicative of tooth struc-
ture.

Temnospondyl teeth are emplaced in shallow pits along the jaws
or on the palate where they are welded to the substrate bone by cemen-
tum. There are no tooth sockets as such and no "roots" to the teeth.
Tooth replacement is accomplished by resorbing the cementum until the
tooth is freed from its emplacement. The replacement tooth is then
grown and cemented to the underlying bone.

CANTILEVERED BEAM TOOTH MODEL

As mentioned above, many researchers have rightly assumed indi-
vidual teeth to act as transversely-loaded cantilevered beams, rigidly
supported at one end and free-standing. In this study, we used a cantile-
vered beam model to calculate the strength of the tooth along its entire
length, thus creating a strength profile. Mechanical beam theory (e.g.,
Laurson and Cox, 1950; Marks, 1951) defines the bending moment pro-
files and shear stress profiles associated with such beams under various
loading regimes (Fig. 3). Below, we consider the three most applicable
loading scenarios as they may be applied to teeth.

 1. A cantilevered beam model is analyzed with a transverse point
load (W) applied at the tip (Fig. 3A), as would be the case if a tooth
suffered the impact of a hard object on its distal end (occlusal tip). In this
senario the bending moment (M) increases linearly with distance (x)
along the total tooth length (l) proceeding from the tip toward the base,
and the shear stress is equal to -W.

2. A cantilevered beam with a load distributed uniformly along its
length (Fig. 3B) would approximate a tooth of rectangular shape in labial
view (analogous to a human incisor) having penetrated a prey or food
item and then having transverse force applied in the labiolingual direc-
tion. In this scenario the bending moment increases as a parabola (square

FIGURE 1. Reconstructions of typical temnospondyl amphibians, all two
to three meters in length: A, The Pennsylvanian-Permian eryopid Eryops
(artwork by Matt Celeskey); B, the Middle Triassic cyclotosaurid
Eocyclotosaurus (by permission of the artist, Dmitry Bogdanov); and C,
the Late Triassic metoposaurid Koskinonodon (artwork by Matt Celeskey).

FIGURE 2. Labyrinthodont tooth structure (after A, Peyer, 1968, fig. 73,
and B, Carroll, 2009, fig. 4.2A). A, Labyrinthodont structure varies with
height in a mature temnospondyl tooth. B, Detailed cross section showing
the labyrinthine enfolding of enamel and dentin in a temnospondyl tooth.
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of the distance, x) from the tip to the base of the tooth, and the shear
stress increases linearly along that distance.

3. A cantilevered beam with a uniformly increasing load applied
from tip to base (Fig. 3C) is considered. A tooth of triangular shape in
labial view (as in the temnospondyl teeth studied here) having pen-
etrated a prey or food item and then subjected to a transverse force
applied in the labiolingual direction would experience this type of load-
ing. This scenario is a close approximation of the loading experienced by
the study teeth if a bitten prey animal struggles to escape by pulling
away from the predator. The resultant bending moment along the length
of the tooth from tip to base increases as a cubic parabola (x3), whereas
the shear stress increases as a parabola (x2).

Thus, the simple cantilevered beam model often used in strength
studies (number 1 above) only applies when the tooth impacts a hard
object at a single point. We find models that fit the tooth in normal use
(example numbers 2 and 3 above), where it is sunk into a food object and
pulled upon, to be the most instructive.

MATERIALS AND METHODS

The study teeth (Table 1) were carefully selected to be of typical
size and shape for their representative species and were further prepared
where necessary. Marginal teeth, being by far the most abundant, were
selected for study rather than the larger palatal fangs or tusks. Maxillary,
premaxillary, and dentary teeth are all included in the study. With the
exception of a few clearly specialized teeth such as palatal fangs, no
difference in structure could be discerned.

Our observations on the shapes of typical temnospondyl mar-
ginal teeth revealed that basally they have an elliptical cross section in
which the major axis of the ellipse is oriented in the labiolingual direction
(Table 2, Fig. 4). From the base of the crown to its tip, cross sections first
become circular and then elliptical again, but with the major axis of the
ellipse oriented mesiodistally. All the teeth show longitudinal grooving,
especially near the base, and possess a sharp, mesiodistally-oriented
carina on the upper portion of the crown. The carina is weakly devel-
oped and present only very near the tooth tip in Eocyclotosaurus, mod-

FIGURE 3. Three cantilevered beam loading scenarios that are applicable to teeth. A, A cantilevered beam with a single-point transverse load applied at
the tip producing a linearly increasing, bending-moment profile and a unit-step shear profile along the beam length. B, A cantilevered beam with a
uniformly distributed transverse load producing a parabolic bending-moment profile that increases from tip to base as the square of the distance and a linear
shear profile. C, A cantilevered beam with a transverse load that increases uniformly from tip to base producing a cubic parabola bending-moment profile
that increases from tip to base and a parabolic shear profile. This is the best model for the study teeth in normal usage. Mx = bending moment along
distance, x; Sx = shear along distance, x; W = total distributed load; w = distributed load per distance unit; x = distance proceeding from beam tip toward
the base.
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erately developed in Eryops, and strongly developed and extending far
down the tooth crown from the tip in Koskinonodon. Photographs of the
study teeth show their shapes in mesiodistal and labiolateral aspects
(Fig. 5).

Relative Strength

Tooth strength calculations here are relative rather than absolute
because the absolute strength of the tooth materials is unknown. Even if
the strengths of the enamel and dentine were known, their labyrinthine
infolding makes the problem intractable. We have assumed that because
the infolding of the dentine and enamel is similar among the closely
related study taxa the infolded materials should be treated as a single
material with similar properties across taxa. Given this, relative tooth
strength reduces to the cross-sectional shape of the teeth with respect to
the direction of the applied force. We have shown that tooth shape, if not
size, is similar for the study taxa.

In generating the tooth strength profiles we used the simple, rect-
angular, cantilevered beam strength formula,

s = d2 * w

where s is strength, depth (d) is the beam thickness in the direction of the
applied force, and width (w) is the beam thickness in the direction per-
pendicular to the applied force.

We have modified the original beam equation (Marks, 1951) by
removing the material strength constant. Thus, the equation no longer
yields the absolute beam strength, but rather the strength in relative
terms. Finally, because the strength calculations are relative rather than
absolute, the difference between the assumed rectangular cross section
and the actual elliptical cross section is negated.

Using a scale under magnification, height increments were marked
on the study teeth with a very fine-tipped pen, and careful measure-

ments of the major and minor diameters were then made using digital
calipers under magnification at each height increment. Strength profiles
(strength as a function of height above the base) were calculated using the
beam strength equation (above).

Shape and calculated strength profiles were then plotted (Fig. 6).
The left column in Figure 6 quantifies morphology by showing how the
cross-sectional shape of the teeth varies as a function of height above the
base. Cross-section ellipticity > 1 signifies labiolingual elongation, 1 =
circular cross-section, and ellipticity < 1 indicates mesiodistal elonga-
tion. The plots in the right column of Figure 6 show tooth-strength
profiles; that is, strength in the labiolingual direction as a function of
height above the base. The strength units are identical in each plot, so
relative strength of the study teeth can be compared directly. The calcu-
lated bending moment profile for each tooth is scaled and overlain on the
strength data points to show the degree of similarity between the strength
profile and the bending moment profile.

RESULTS

Eryops

NMMNH specimen P-46379, a 410-mm-long partial skull of
Eryops, was collected from NMMNH locality 6121 in the Upper Penn-
sylvanian El Cobre Canyon Formation of the Cutler Group of Cañon del
Cobre, New Mexico (Lucas et al., 2005). This specimen, described in
detail by Werneburg et al. (2010), contains a well-preserved dentition.
All the marginal teeth in this specimen are curved lingually (Fig. 5A), and
the palatal fangs are directed posteriorly so as to snag and entrap prey.
This curvature is not considered significant in the transverse strength
calculations below. Forty-five tooth positions are present in each upper

TABLE 1. Measurements of study teeth. Eryops – NMMNH P-46379,
tooth position 19 on left side of skull. Eocyclotosaurus – NMMNH P-
64410, tooth position ~ 55 on dentary. Koskinonodon – NMMNH P-
64352, isolated tooth from NMMNH locality 1176.

TABLE 2. A brief assessment of tooth shape in 15 genera belonging to eight
temnospondyl families shows that the generalized tooth morphology assumed
in this study (Fig. 4) is the "default" morphology across temnospondyl taxa.
Taxonomy according to Schoch and Milner (2000). Except where literature
is cited, these data are based on observations by the authors. In the last
column, “model” refers to the basally labiolingually-elongate tooth
transitioning through a circular cross section to become mesiodistally-
elongate in its upper portion.
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marginal toothrow: 12 in the premaxilla and the remainder in the maxilla.
In addition to the marginal toothrows, the specimen has three pairs of
palatal fangs, one pair each on the vomers, palatines, and ectopterygoids.
Additionally, nearly the entire palate is covered with a shagreen of sharp
denticles that are canted posteriorly. The dentition of Eryops appears
well-suited to seize and maintain control of slippery prey.

Description/analysis
Tooth number 19 of the left maxilla of NMMNH P-46379 was

selected for study because it is particularly well-preserved and of charac-
teristic size and shape (Fig. 5A-B). Measurements of the 15 mm-tall
tooth were made incrementally from base to tip in the labiolingual and
mesiodistal directions (Table 1).

At its base the tooth is elliptical in cross section, with the major
axis in the labiolingual direction. The labiolingual axis length is 1.85 times
the mesiodistal axis length (Fig. 6A). Proceeding from the base to the tip
of the crown, the diameter diminishes and the tooth approaches a circular
cross section at about 6 mm height. The cross section remains approxi-
mately circular with further reduction in diameter between 6 and 10 mm
height. Between 10 and 15 mm the tooth becomes elliptical in the mesio-
distal direction and continues to diminish in diameter until it comes to a
moderately sharp point at its tip. The mesiodistally-elongate upper
portion supports a carina of the same orientation (Fig. 5A).

The Eryops tooth is the largest and strongest of the study teeth.
Its strength profile is a near-perfect cubic parabola, increasing from tip to
base (Fig. 6B).

Eocyclotosaurus

NMMNH P-64410 is a partial mandible of a small individual of
the cyclotosaurid amphibian Eocyclotosaurus collected from NMMNH
locality 5193. This locality lies in the uppermost meter of the Middle
Triassic (Perovkan, early Anisian) Anton Chico Member of the Moenkopi
Formation (Lucas and Schoch, 2002; Lucas, 2010; Rinehart et al., 2010).
Several skulls and jaws from the Anton Chico locality, varying in midline
length from 180 to 380 mm, have been prepared. Approximately 98 teeth
are present in each of the upper toothrows of Eocyclotosaurus, and pairs
of palatal fangs are present on the vomers and on the palatines. The

palate bones are essentially smooth, lacking the denticulation seen in
Eryops.

Description/analysis
We selected tooth number 55, just posterior to mid-position on

the dentary in P-64410 (Fig. 4C-D), for detailed preparation and mea-
surement (Table 1). About 2 mm of the tooth tip are missing from this
approximately 8 mm-tall tooth, but otherwise it is in good condition and
characteristic of the entire series.

The cross-sectional ellipticity of this tooth is plotted (Fig. 6C).
Basally, the cross section is elliptical with a labiolingual axis that is 1.7
times greater than the mesiodistal axis. The tooth cross section is circular
at a height of 3.5 mm. Above 3.5 mm the cross section is elliptical, with
the major axis oriented mesiodistally. Although the tip of this tooth is
missing, preparation of other teeth revealed a small, weakly-developed
carina near the tip.

Because of its smaller diameter, the Eocyclotosaurus tooth is only
about 1/16 as strong as the Eryops tooth. As in the Eryops tooth, strength
increases from tip to base as a cubic parabola (Fig. 6D).

Koskinonodon

NMMNH P-64352 (Fig. 5E-F) is an isolated tooth of
Koskinonodon (previously Buettneria: Mueller, 2007) from NMMNH
locality 1176, the well-known Lamy Amphibian Quarry (e.g., Romer,
1939) of north-central New Mexico. Of the very numerous skulls and
jaws of Koskinonodon periodically collected at this quarry over the past
seven decades by MCZ, NMNH, and NMMNH, no specimens contain
a single complete tooth in place. The teeth were undoubtedly lost during
transport of the bones (Lucas et al., 2010). The quarry has yielded
numerous broken, isolated “labyrinthodont” amphibian teeth that were
apparently transported together with the skulls and jaws. Because of the
monodominant and near monotaxial character of the quarry assemblage,
we assess these to be teeth of Koskinonodon.

Description/analysis
The 13 mm-long tooth analyzed here is elliptical near its base

where the labiolingual axis is 1.39 times greater than the mesiodistal axis
(Fig. 6E). We assume that a small basal segment is missing as evidenced
by its broken margin. Ellipticity decreases above the base, and the tooth
shows a circular cross section at a height of 4.5 mm. As in the other study
teeth, above the point where the cross section is circular, the tooth is
elliptical, with the major axis oriented mesiodistally. In Koskinonodon
the carina is quite pronounced and accentuates the ellipticity of the
upper portion of the tooth.

As in the Eryops and Eocyclotosaurus teeth, the Koskinonodon
tooth has a cubic parabola strength profile (Fig. 6F). The bending mo-
ment calculation could not be extended to the base of the tooth, because
the exact position of the base is not known. Due to its smaller size, its
strength is approximately one fifth that of the Eryops tooth.

DISCUSSION AND FURTHER ANALYSIS

Our examination of numerous temnospondyl taxa shows that,
with rare exceptions, their marginal teeth have a uniform morphology.
Table 2 demonstrates that the tooth morphology outlined here (Fig. 4) is
common to most temnospondyls. This is also true generally of
ectopterygoid teeth and dentary teeth as well as maxillary and most
premaxillary teeth. This suggests that this tooth morphology is a primi-
tive character of the clade. Exceptions exist in that some taxa possess a
few specialized teeth such as essentially conical, caniform teeth in the
marginal dentition and on the palate. Additionally, the premaxillary teeth
of Eocyclotosaurus are exceptional in that they are transversely elon-
gated, even in the anteriormost part of the premaxilla. We hypothesize
that this is an adaptation for side-strike feeding behavior. This morpho-
logical variation is currently under analysis by the authors and will be
published as a separate study.

FIGURE 4. Shape and external structure of typical temnospondyl teeth. A,
Oblique view showing the basal labiolingually-elongate ellipse cross section
(shaded) transitioning through a round central segment to a mesiodistally-
elongate ellipse as height along the tooth increases. B, Mesial view showing
the typical external form including longitudinal grooving, especially near
the base, and in some cases, a sharp carina near the tip.



538

FIGURE 5. Photos of the study teeth. A-B, Eryops, NMMNH P-46379, tooth number 19 on the left maxilla, 15 mm-tall in A, mesial, and B, labial views.
C-D, Eocyclotosaurus, NMMNH P-64410, tooth number ~ 55 on a partial right dentary, 6 mm-tall as preserved in C, mesial or distal, and D, labial views.
E-F, Koskinonodon, NMMNH P-64352, a 13 mm-tall isolated tooth in E, mesial, and F, labial views.

Tooth Size and Shape, and Mouth Shape

Whereas tooth shape varies little across taxa, size varies greatly,
even in animals of similar overall size. The largest and smallest teeth
among the taxa studied vary in length by approximately a factor of two
(Eryops = 15 mm, Eocyclotosaurus  ~ 8 mm) and basal cross sectional
area by a factor of nearly six (Eryops = 57 mm2, Eocyclotosaurus = 9.5
mm2), whereas the estimated length of the animals ranges only from 2 to
2.5 m (Eryops: Case, 1911, Eocyclotosaurus: Schoch, 2008). We con-
clude that tooth size in these temnospondyls does not necessarily scale
with body size, and instead reflects a specific diet and/or predation
technique.

Similarly, whereas basic tooth shape is conserved across many
temnospondyl taxa, snout (mouth) shape varies greatly (Fig. 1). For
example, Eryops has a very broad snout, the snout of Koskinonodon is
somewhat narrower, and that of Eocyclotosaurus is quite long and nar-
row. Several taxa (e.g., Mastodonsaurus, Quasicyclotosaurus) have snout
widths intermediate between those of Koskinonodon and Eocycloto-
saurus.

Using geometric morphometrics and comparative methodology,
Linde et al. (2004) examined the relationship of patterns of diet and
phylogeny to tooth and premaxilla (mouth) shape. They found that in
sparid fishes (spiny-finned, warm-water marine fish with well-devel-
oped teeth, e.g., porgie or bream) tooth shape was conservative and more
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FIGURE 6. Plots of tooth ellipticity (labiolingual diameter/mesiodistal diameter) define tooth shape by showing cross sectional shape as a function of
height (A, C, E). In ellipticity plots, ellipticity >1 indicates ellipticity in the labiolingual direction, = 1 indicates circular cross section, <1 indicates
ellipticity in the mesiodistal direction. Plots B, D, and E show the labiolingual strength profile and scaled bending moment profile as a function of height
above the tooth base. Bending moment is scaled and overlain on strength data for comparison of the mathematical function form. Strength units are equal
in each plot and may be compared across species. A-B, Eryops; C-D, Eocyclotosaurus; E-F, Koskinonodon.

allied with phylogeny than with diet, whereas premaxilla (mouth) shape
varied based on diet. We hypothesize that this is the case in the genera of
this study, in which the teeth are similar in shape, but the muzzle shapes
are quite different. Apparently, whereas tooth shape is conservative
across these taxa, tooth size and snout shape vary according to diet
(ecological niche) and hunting technique.

Carinae

Development of a carina in the three study teeth varies across
taxa. Eocyclotosaurus teeth exhibit minimal development of the carina,

Eryops a moderate development, and Koskinonodon a strong develop-
ment of an almost blade-like carina, at least in portions of the mouth (Fig.
5E-F). It seems obvious that the purpose of such a structure would be to
aid penetration of the tooth by cutting through tissue. However, evi-
dence has been presented to support an additional function of the carina.
Freeman (1992) determined that sharp edges on the canines of some bats
concentrate stress and are for the purpose of crack propagation in hard
food items. These edges are positioned so as to direct a crack initiated by
the canines toward the incisors and premolars, where it may be further
propagated. The carinae of temnospondyl teeth are aligned mesiodistally.
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Thus, as the tooth penetrates a hard object and stress concentrates at the
sharp edges of the carinae, any resultant cracks will be propagated to-
ward the cracks initiated by the preceding and following teeth in the
dental series, so that a complete separation of the hard object is more
efficiently accomplished.

Inferred Feeding Behavior

The feeding behaviors of temnospondyls must be inferred from
anatomical evidence.  Based on flat skull morphology and on the fact that
their legs are short and therefore enforce a low standing profile, some
workers have reasoned that in temnospondyl feeding the lower jaw would
lie flat on the substrate and the skull would be adducted against it (Watson,
1951). The teeth of temnospondyls show no capacity for shearing or
crushing, only for penetrating and holding on to prey. Several studies
supply evidence that may be incorporated to formulate a generalized
scenario.

1. Wilson (1941) identified the probable origin of the m. retractor
bulbi, on the pterygoid at the posteriormost margin of the palatal vacuity
of Koskinonodon. Presumably, swallowing in this animal, and probably
all temnospondyls (Clack, 2002), was assisted by retraction of the eye-
balls posteroventrally into the buccal cavity by the m. retractor bulbi, as
it is in most extant amphibians (Duellman and Trueb, 1986; Levine et al,
2004). The presence of large palatal vacuities in the Temnospondyli,
which probably evolved to assist in buccal pumping (Clack, 1992), made
this adaptation possible.

2. The presence of a hyoid apparatus in temnospondyls indicates
the presence of a tongue (e.g., Warren and Hutchinson, 1983).

3. Lingually-directed curvature of the marginal teeth appears to be
the norm for temnospondyls, although the extent of curvature is highly
variable. In Eryops, the teeth are strongly curved, whereas curvature is
less pronounced in Eocyclotosaurus and very slight in Koskinonodon.
Other temnospondyls (e.g., Siderops: Warren and Hutchinson, 1983)
show an intermediate degree of curvature. Apparently, the purpose of
such lingual tooth curvature is to resist the escape of struggling prey
from the mouth.

Thus, the anatomical evidence indicates some probability that
prey were seized in the teeth, manipulated into swallowing position
with the help of a tongue, and swallowed with assistance from the tongue
and the retractor bulbi musculature. This is the method of feeding em-
ployed by most extant amphibians (Duellman and Trueb, 1986). Excep-
tions have been noted in that some modern species are tongueless, and
some (e.g., Gymnophonia) show little evidence of using the m. retractor
bulbi in swallowing, apparently due to their greatly degenerated eyes.

Inertial feeding, where the head is thrust forward during swallow-
ing so that the inertia of the food object helps propel it down the throat,
may also have been employed by the temnospondyls. However, the
length of the neck of buccal breathing animals is severely restricted due to
the problem of pumping air down such a structure (Clack, 1992). The
lack of a significant neck would have limited the ability to aggressively
thrust the head forward, a significant disadvantage in inertial feeding.

Implications of the Shape and Strength Data

The similarity of tooth shapes and strength profiles across taxa
indicates that the teeth of all the study animals were "designed" for
similar use. The cubic parabola strength profiles indicate that the tooth
shape of temnospondyls was a response to the applied bending moment
generated by struggling prey attempting to pull away from these preda-
tors.

Catastrophic breakage could result from the impact of a hard
object, either during predation or by accident, but the strength profiles
do not show that the teeth were designed primarily to resist such an
event. Rather, the principal evolutionary pressure has been toward maxi-
mizing strength for "normal" usage, which is capturing and maintaining
control of prey.

The question of why the teeth are principally strengthened in the
labiolingual direction must be addressed considering that struggling prey
could apply force in almost any direction. The answer may lie in the fact
that neighboring teeth in the toothrow reinforce each other mesiodistally,
leaving the teeth most vulnerable to labiolingual loading.

We conclude that in temnospondyls the upper, mesiodistally elon-
gated portion of the tooth crown with its carina is best suited to initiate
penetration of the prey item and to propagate cracks in hard tissues,
whereas the overall crown shape maximizes resistance to bending. Given
that the tooth materials are brittle and essentially cannot bend, deforma-
tion can only result in fracturing.

Is the Bending Moment-Strength-Shape Relationship Universal?
It seems probable that the relationship between bending moment

and strength profiles described here in temnospondyls may be applied to
other taxa, and may be a universal rule for penetrating teeth subjected to
lateral loading. To test for a more general biological application of this
principle we have examined a marginal tooth from a crossopterygean
fish, the extant coelacanth, Latimeria chalumnae, a distant relative to
temnospondyl ancestors, and an incisor of an amniote sister group, hu-
mans.

Latimeria chalumnae
Latimeria is the sole surviving representative of the

crossopterygean fishes. The teeth of the ancestral crossopterygeans were
of labyrinthodont form (e.g., the Late Triassic coelacanth, Quayia zideki,
as exemplified by NMMNH specimen P-16918), which was presum-
ably inherited by their temnospondyl descendants, but the teeth of La-
timeria have lost this complex structure. However, whereas most extant
fish have lost the enamel from their teeth, Latimeria retains a true enamel
component (Meinke and Thomson, 1983). The teeth of Latimeria are
more simple and conical than those of the temnospondyls, though the
teeth of Quayia are intermediate in complexity.

The dentition of Latimeria is impressive (Fig. 7A), comprising
hundreds to thousands of teeth and denticles covering a wide size range
and distributed both marginally and over most of the palate. A large (cm-
sized) marginal tooth (Fig. 7B-C) was selected for analysis from photo-
graphic plates published by Millot and Anthony (1958). Unlike the
temnospondyls, this tooth had its strong axis oriented mesiodistally.
Similar to the temnospondyl teeth, the Latimeria tooth exhibits a cubic
parabola strength profile and bending moment profile (Fig. 7D).

Homo sapiens
A human incisor, diagrammatically illustrated in cross-section (Fig.

8A), was chosen for analysis. An incisor functions similarly to the teeth
analyzed above because in normal use, it penetrates directly into a food
item and then is pulled upon in a direction normal to its long axis (think
of biting into an apple and pulling it away to separate a piece). The
incisors of some other amniotes (e.g., Biknevicius et al., 1996) show
similar overall morphology and therefore can be expected to behave in a
similar fashion.

The human incisor should be particularly exemplary  in demon-
strating whether the bending moment to strength relationship generally
holds true. This is because the human incisor is rectangular in labial
aspect rather than triangular, as in all the previously analyzed teeth. The
rectangular shape should produce a parabolic (x2) bending moment pro-
file (Fig. 3B) as opposed to the cubic parabola (x3) profile (Fig. 3C) of the
triangular teeth if it has evolved in response to applied bending moment.
Indeed, comparison of the strength profile to the bending moment profile
(Fig. 8B) demonstrates that both profiles are of identical form and are
parabolic rather than cubic. This is significantly different from those of
the Latimeria and amphibian teeth. This result greatly strengthens the
argument that the shape of all penetrating teeth develops in response to
the applied bending moment.
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FIGURE 7. A, The dentition of Latimeria. B-C, A large marginal tooth in
B, lingual view and C, mesial view (modified from Millot and Anthony,
1958, plates 36, 8, and 62, respectively). The right tooth in B was used in
the analysis. No scale; the tooth is approximately 9.5 mm long. D, Cubic
parabola strength and bending moment profiles.

FIGURE 8. A, Human incisor in cross section, mesial view (after Peyer,
1968, fig. 8); stippling = cementum, hachure = dentin, clear = enamel. B,
Parabolic strength and bending moment profiles measured from base of
crown (widest point of enamel portion).

CONCLUSIONS

1. Applied bending moment during normal use is the biomechani-
cal force that drives the evolution of penetrating tooth shape in
temnospondyls and many other, possibly all, vertebrate taxa.

2. The shape of the temnospondyl amphibian teeth studied here,
as well as numerous other taxa, is not a simple cone. Rather, it is highly
derived, being labio-lingually elongate at the base, circular in cross-sec-
tion at some distance above the base, and mesiodistally elongate at the
tip of the crown with a variably developed carina. This shape is opti-
mized to facilitate penetration, resistance to the bending moment applied
by struggling prey, and the propagation of cracks in the hard parts of the
food item.

3. Tooth shape, regardless of the size or shape of the mouth, is
conserved over a long temporal span and across the taxonomic range of
temnospondyls. Similar to the results of Linde et al. (2004), we find that
mouth shape and tooth size is more indicative of diet or hunting strategy
than is tooth shape.

4. The simple bending moment calculation that assumes a force
applied at a single point along the tooth length does not reflect the
behavior of penetrating teeth during normal use. Their shape is explained
by a model (Fig. 3B-C) that considers their three dimensional shape with
a distributed, transverse load along their entire length.

5. The results of the strength and bending moment calculations in
Latimeria and Homo argue strongly that the strength and bending stress-
to-tooth shape relationship is universal for penetrating teeth. However,
more work is required to corroborate this hypothesis conclusively.
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