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On the Occlusal Fit of Tribosphenic Molars: Are We
Underestimating Species Diversity in the Mesozoic?

P. David Polly,1,2 Steven C. Le Comber,1 and Tamsin M. Burland1

The complex occlusal fits between tribosphenic teeth are a rich source of information for taxonomic,
phylogenetic, and evolutionary analysis. The degree of fit between upper and lower cheek teeth
has been used to refer specimens to species-level taxa, but statistical data on occlusal fit in relation
to taxonomic identity have been lacking. We used landmarks on upper and lower first molars of
20 bat populations representing 16 species to assess the degree of occlusal fit (1) between teeth
from the same individual; (2) between teeth from different individuals belonging to the same
populations; and (3) between teeth belonging to different populations. We found that the fit of
teeth belonging to different populations was significantly worse than between those of the same
population and that the degree of misfit increased linearly with time since common ancestry, albeit
with substantial variance. We used our comparisons to assess the species-level diversity within
Batodon, the smallest known placental mammal from the Cretaceous. Our data suggest, with
caveats, that instead of belonging to a single species, the specimens assigned to Batodon represent
at least two species as different as those belonging to different genera or families of living bats.

KEY WORDS: Batodon, Chiroptera, Molar function, Morphological clocks, Occlusion, Paleo-
phylogeography.

INTRODUCTION

Butler (1961) revolutionized our understanding of how mammalian molar teeth evolve,
stressing that functional integration between occluding teeth channels evolutionary change.
Cusps, cingulae, and basins of tribosphenic molars interlock in a complicated, three-
dimensional manner related to masticatory trajectories (Fig. 1; Evans and Sanson, 2003).
Each upper molar has three major cusps—paracone, protocone, and metacone—that fit into
spaces among the five major cusps of the lower molars—paraconid, protoconid, metaconid,
entoconid, and hypoconid. As teeth come into contact during mastication, the mandible
moves up and medially, sliding occlusal facets of the lower cheek teeth against correspond-
ing facets on the uppers until the teeth reach the centric position. As the cycle continues,
the mandible moves medially and downwards, sliding a second set of facets against one
another (Crompton and Hiiemae, 1970; Kay and Hiiemae, 1974). Each set has, coarsely
speaking, its own common direction of orientation parallel to mandibular movement during
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Fig. 1. Bat molars in functional occlusal view. Upper left and lower right teeth are juxtaposed so that
each can be seen in the functional orientation. The tooth rows are offset buccolingually from the positions
they would occupy in full centric occlusion. (A) Diagram showing the names of major cusps on the upper
(dark grey) and lower (light grey) first molars. (B) Photograph of the same teeth showing the four pairs
of landmarks used to represent occlusal fit. Hatched lines connect corresponding upper and lower molar
landmarks. End, entoconid; Hyd, hypoconid; Mn/n, molar n (super/subscript indicate upper and lower,
respectively); Me, metacone; Med, metaconid; Pn/n, premolar n (super/subscript indicate upper and lower,
respectively); Pa, paracone; Pad, paraconid; Pr, protocone; Prd, protoconid.

the phase of contact. Each pair of upper and lower facets shares a common plane of orien-
tation with one axis parallel to mandibular movement. This system of facets integrates the
cusps, cingulae, and basins so that evolutionary change in any one of the structures of the
occlusal region must therefore be accompanied by corresponding changes in functionally
adjacent ones.

Butler’s functional approach has critically shaped our understanding of the diver-
sification of therian mammals. Experimental studies extended the integration paradigm,
providing the basis for dietary and masticatory inferences to be made from the morpho-
logical structure of cheek teeth (Mills, 1966; Crompton and Hiiemae, 1970; Crompton
and Sita-Lumsden, 1970; Rensberger, 1973, 1995; Kay and Hiiemae, 1974; Osborn and
Lumsden, 1978; Hiiemae, 2000). Phylogenetic studies have used the functional perspective
to infer evolutionary transformations in the dentition during early mammalian diversifi-
cation (Clemens, 1968; Crompton, 1971; Mills, 1971; Seligsohn and Szalay, 1974; Fox,
1975; Clemens and Lillegraven, 1986; Signogneau-Russell and Ensom, 1998; Kielan-
Jaworowska et al., 2002). More recently, evolutionary constraints imposed by functional
integration have been viewed as important factors for explaining the taxonomic diversity of
higher-level clades of mammals (Hunter and Jernvall, 1995; Jernvall et al., 1996; Hunter,
1998; Asher and Sánchez-Villagra, 2005).
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The functional approach recently has been used to associate isolated upper and lower
teeth of fossil mammals (Wood et al., 1979; Wood and Clemens, 2001). Many extinct
mammal species, especially from the Mesozoic, are known only from their teeth, whose
dense mineralized tissues are more readily preserved than easily broken bone. Because
early therians were small, their remains are often recovered by screen-washing, which
disassociates individual elements. Consequently, important mammalian faunas may be rich
with isolated teeth that are difficult to group into conspecific taxa (e.g., Clemens, 1973).
Wood and Clemens (2001) used Butler’s functional view, in which the molar teeth are
aligned with all vertical phase-one shear facets parallel to the line of sight, to associate
upper and lower teeth of the enigmatic Batodon tenuis, an insectivorous mammal from
the latest Cretaceous thought to be an early member of crown-group Eutheria and, there-
fore, important to the debate about the timing of placental radiations (Lillegraven, 1969;
McKenna, 1975; Szalay, 1977; Novacek, 1992; Springer, 1997; Kumar and Hedges, 1998;
Carter, 2001; Springer et al., 2004). This rare animal had been known from only a few
teeth, and Wood and Clemens were able to build a convincing case that new material could
be referred to the species based on visual comparison of the occlusal fits between upper and
lower molar teeth. The fits they found between occluding teeth clearly demonstrated close
affinities among the Batodon specimens, but the quantitative data on variation in occlusal
fits necessary to determine whether this similarity was of a specific or supraspecific nature
were unavailable.

How well do teeth have to fit before they can be confidently referred to a single
species as opposed to two closely-related ones? We investigated quantitatively the de-
gree to which molar teeth fit together in microchiropteran bats. Bats have teeth of sim-
ilar size and form to those frequently found dissociated in the fossil record, including
Batodon, and bats themselves are often represented by isolated teeth in palaeontologi-
cal faunas (but see caveats on the use of bat teeth below). We used geometric morpho-
metrics to quantify the occlusal fit between upper and lower teeth in functional view,
comparing the fits between teeth of a single individual to fits among individuals within
a population, and among individuals from different populations of varying phylogenetic
distance (both intra- and interspecific). While it is known that the upper and lower teeth
of a single individual often interlock tightly, the fossil specimens requiring association
rarely belong to the same individual. Do teeth of conspecifics fit better than the upper
and lower teeth of different species? Does the precision of fit decrease with phyloge-
netic divergence? Can occlusal fit be used to associate or distinguish among species-level
taxa?

We addressed these questions by considering the occlusal fit of upper and lower
first molars in 20 bat samples. Landmarks were placed on corresponding points of the
occluding teeth and superimposed to calculate their best fit. We first superimposed teeth
of single individuals to establish a baseline of comparison and to determine whether all
species have teeth that fit together equally well. We then made pairwise comparisons
between upper and lower teeth of different individuals from the same sample to determine
whether the fit between teeth of two different individuals corresponds to those of a single
individual. Finally, we made pairwise comparisons between individuals from different
samples, looking specifically at how much the occlusal fit deteriorated with increasing
phylogenetic divergence between the individuals being compared. We used the results to
assess the degree of occlusal fit between the specimens referred to B. tenuis by Wood and
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Fig. 2. Map showing the location of bat samples used
in this study. Letters correspond to localities described in
Table I. Conspecific samples were separated by varying
geographic distances: E. serotinus from localities m and
j; M. schreibersi from n and f; N. noctula from l and p;
and R. ferrumequinum from b and d. All other species are
represented by only one sample.

Clemens (2001), asking whether they fall within the range found in extant species and, if
not, what degree of phylogenetic separation would be implied by the lack of close fit.

MATERIALS AND METHODS

We examined five individuals from each of 20 samples representing 16 different
species from Europe, Africa, and Asia (Fig. 2, Table I). All material is housed in the Natural
History Museum, London. For species identity, we relied on assessments made at the time
of collection. We minimized the possibility of mixed-species samples by preferentially
selecting specimens that had been collected by the same person on the same day from
the same colony. The Pipistrellus pipistrellus sample may be problematic because cryptic
diversity was unrecognized at the time of collection (Barratt et al., 1997; Burland and
Worthington Wilmer, 2001). As discussed below, we believe our sample of P. pipistrellus
may contain individuals from both the 45 and 55 kHz phonic types, now designated P.
pipistrellus and P. pygmaeus, respectively (Jones and Barratt, 1999). We do not have doubts
about the integrity of the remaining 19 samples.

Left upper and right lower first molars from each specimen were photographed. The
teeth were placed in the functional orientation with the line of sight parallel to the direction
of movement when the mandibular teeth are moved into centric occlusion (Fig. 1). This view
can be found by rotating the specimen until the vertical phase-one shear facets disappear
from view (Wood and Clemens, 2001). The functional view is highly replicable (Polly,



Statistics of Molar Fits 287

Table I. Samples Used in this Studya

Species Locality Latitude Longitude Key

B. barbastellus Vallorbe, Switzerland 46◦ 43′ N 06◦ 23′ E h
E. serotinus Pátrai, Greece 38◦ 15′ N 21◦ 44′ E m
E. serotinus Ormo, Slovenia 46◦ 25′ N 16◦ 09′ E j
M. schreibersi Missale, Mozambique 14◦ 05′ S 33◦ 01′ E n
M. schreibersi Lunel, France 43◦ 41′ N 04◦ 08′ E f
M. blythi Kabardino-Balkaria, Russia 43◦ 30′ N 43◦ 30′ E o
M. capaccinii Lunel, France 43◦ 41′ N 04◦ 08′ E f
M. daubentoni Ekarma Island, Russia 48◦ 57′ N 153◦ 57′ E q
M. myotis Niesky, Germany 51◦ 17′ N 14◦ 49′ E k
N. leisleri Azores 37◦ 55′ N 27◦ 42′ W a
N. noctula Eastern Europe 44◦ 31′ N 19◦ 56′ E l
N. noctula Tashkent, Uzbekistan 41◦ 20′ N 69◦ 18′ E p
P. kuhlii Florence, Italy 43◦ 46′ N 11◦ 15′ E i
P. nathusii Saint-Gilles, France 43◦ 41′ N 04◦ 26′ E f
P. pipistrellus Central England 52◦ 41′ N 00◦ 31′ E e
P. auritus Western Europe 49◦ 26′ N 08◦ 01′ E g
P. austriacus Southern England 50◦ 27′ N 01◦ 47′ W c
R. ferrumequinum Dundry, England 51◦ 24′ N 02◦ 38′ W d
R. ferrumequinum Santo Domingo de Silos, Spain 42◦ 00′ N 03◦ 25′ W b
R. hipposideros Dundry, England 51◦ 24′ N 02◦ 38′ W d

aKey indicates the location on the map in Fig. 2. Some samples were collected from more than
one location in an area and the most specific place name that encompasses the entire range is
reported. For grouped localities, the geographic coordinates reported are for the approximate
geometric centre of the sampling sites.

2001a, 2003), but we oriented and photographed each specimen twice to minimize the
effects of misalignment.

Four landmarks were placed on upper and lower molars in occluding positions
(Fig. 1B). We chose pairs of landmarks that could be easily placed on isolated teeth and
which represent easily defined, taxonomically widespread features that come into contact
during the occlusal cycle. The first pair was on the palatal side of the M1 parastyle and on the
lingual tip of the M1 protoconid; the second was on the palatal side of the M1 paracone and
the distal side of the M1 protocristid notch; the third on the palatal side of the M1 mesostyle
and the lingual margin of the M1 hypoconid; and the fourth at the palatal margin of the
M1 metacone and the lingual margin of the M1 hypoconulid. To reduce digitizing error,
the two replicates of each specimen were superimposed using Procrustes (or generalized
least squares, GLS) superimposition (Gower, 1975; Rohlf, 1990; Rohlf and Slice, 1990)
and averaged.

Fit was assessed as the Procrustes distance between landmarks of the upper and lower
teeth after optimal superimposition. For each pairwise comparison, a single upper and
lower tooth were superimposed and the Procrustes distance between them calculated as the
square root of the sum of the squared distances between each pair of optimally superimposed
landmarks (Rohlf, 1990). While Procrustes distance is a rather abstract measurement of
shape difference, it can be thought of as the total distance between the corresponding
landmarks on the upper and lower teeth after they have been rescaled to equal size and fit
together as tightly as possible. The units of Procrustes distance are the “size” of a tooth
as measured by the distances between its four landmarks and their geometric centre. A
Procrustes distance of 1.0 could, for example, result from one landmark of a lower tooth
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being displaced from its counterpart on the upper by a distance equal to the entire “size”
of the tooth. The Procrustes distances measured in this study were much smaller than 1.0
because the teeth fit together better than in this extreme example.

The distribution of Procrustes distances between occluding teeth were used to assess
whether the fits between teeth that do not belong together are substantially worse than
between those that do. To do this, pairwise comparisons were made for three categories of
comparison: (1) between upper and lower teeth of single individuals; (2) between upper
and lower teeth belonging to different individuals of the same sample; and (3) between
upper and lower teeth of individuals from different samples. Means and standard errors
were calculated for each of the three categories using a bootstrap approach (Manly, 1991).
Bootstrap was appropriate because each category had a different number of pairwise com-
parisons, and, thus, different degrees of freedom, and because many comparisons in each
category were non-independent because each tooth is part of several pairs. There were
100 comparisons of teeth from single individuals (five individuals per sample, times 20
samples), 400 comparisons between individuals within a sample (two comparisons—upper
of first individual against lower of second and lower of first individual against upper
of second—times 10 unique pairs per sample times 20 samples), and 5700 comparisons
between individuals from different samples (two comparisons per pair, times 15 unique
pairs between sample, times 190 unique pairs of samples). For the between-individual and
between-sample categories, we iteratively selected 100 random pairs such that no individ-
ual appeared more than once in the resampled data. The mean pairwise Procrustes distance
was recalculated each iteration following superimposition, and the procedure was repeated
100 times, by which point the running mean had converged on a stable value. The standard
error of each category mean was calculated as the standard deviation of the 100 bootstrapped
means.

Because one primary aim was to determine the relationship between occlusal fit and
relatedness, we assessed the rate at which fit deteriorates with increasing phylogenetic dis-
tance. Using PAUP 4.0b10a, we calculated Kimura 2-parameter genetic distances between
NADH dehydrogenase subunit 1 (Nd1) mtDNA sequences as a measure of phylogenetic
relatedness. Sequences were taken from Mayer and von Helversen (2001; available from
GenBank) and matched as closely as possible to our own morphological samples. We plot-
ted mean occlusal fit between pairs of samples against the genetic distance to assess how
fit scales with phylogenetic divergence, expecting fit to deteriorate as the morphologies of
the two daughter species diverge from their common ancestral form. Within-species molar
fits were plotted against intraspecific genetic distances, if known, or else against a genetic
distance of 0.0. Because association of fossil teeth will necessarily be assessed with fits
between single pairs of teeth rather than sample means, we also included the range of
individual pairwise fits as error bars about the means. To describe the relationship between
occlusal fit and relatedness, we regressed Procrustes distance onto genetic distance using
the equation y = x + c. The regression coefficient x is a measure of the rate of increase
in Procrustes distance relative to mtDNA divergence and the constant c is a measure of
the amount of within-sample variation in occlusal fit. The distribution of occlusal fits and
genetic distance was used to assess the probability that specimens of Batodon belong to the
same species or, if not, how distantly related the two species might have been.

Non-independence was also an issue with the phylogenetic comparisons because any
one sample appeared in more than one pairwise comparison. We estimated regression
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parameters and 95% confidence envelopes by randomly pairing the 18 samples (the 20
original samples, excluding P. pipistrellus (see below) and Rhinolophus hipposideros, for
which Nd1 mtDNA sequence data were unavailable) and performing the regression on
those 18 unique points. This procedure was repeated 1368 times, which is four times
the number of possible pairwise comparisons between 18 samples including pairing each
with itself. This number gives each different pairwise comparison a reasonable chance of
being evaluated. The regression parameters and confidence envelopes were estimated as
the median of these statistics across all the iterations.

All means are reported with their standard errors (SE). It should be remembered that
the standard error of a sample mean and the standard deviation of the sample are two
different statistics. The former is a measure of accuracy in the estimation of the mean and
the latter a measure of variation in the sample.

RESULTS

Occlusal Fit Within Samples

Occlusal fit between the teeth of the same individual was good, but surprisingly the
fit between individuals from the same sample was nearly as good. The mean fit of teeth
from the same individual across all 100 bats was 0.098 Procrustes units (SE ± 0.003).
The mean bootstrap value for the fit of teeth between different individuals was 0.101
(SE ± 0.003).

Some populations appeared to have teeth that occluded more precisely than did others.
The mean fits between teeth of the same individual ranged among the samples from 0.067
(SE ± 0.003) in Myotis blythi from the Caucasus, to 0.155 (SE ± 0.020) in Nyctalus leisleri
from the Azores. The same was true for the fit between teeth of different individuals of
the same sample, which ranged from 0.070 (SE ± 0.007) to 0.160 (SE ± 0.007) in the
same two populations. This range of within- and between-individual fits is likely to be
a non-biological phenomenon. A nearly one-to-one relationship was found between the
fit of teeth in the same individual and that of teeth in different individuals (Fig. 3). This
linear relationship is most likely produced by error in specimen orientation and landmark
placement. Error will cause a specimen to have a worse fit both with its own counterpart
and with teeth of other individuals, and, thus, cause an equal increase in both the within-
and between-individual mean fits.

One sample, Pipistrellus from England, had a much higher between-individual fit than
would be expected given the fit within individuals in that sample (Fig. 3). We suspect that
the aberrant position of this sample on the plot is because it is taxonomically mixed. Two
morphologically similar species of Pipistrellus are now known to coexist in Britain (Barratt
et al., 1997; Mayer and von Helversen, 2001), though their distinction was not recognized
at the time this sample was collected. If a sample is mixed, the fit between teeth of the
same individual would fall within the range for within-individual fits, but the fit between
individuals would rise towards the level found between individuals from different samples.
To test this, we created 1000 mixed samples by choosing a total of five individuals from
two randomly selected samples and calculated their mean within- and between-individual
fits. The distribution of those mixed samples is shown in Fig. 3 as decile density contour
lines. The Pipistrellus sample fell within this expected range of values for taxonomically
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Fig. 3. Graph showing the relationship of the mean fit between teeth of the same
individual and that between teeth of different individuals in the same sample.
Fits are measured as Procrustes distance between optimally superimposed upper
and lower teeth so a larger value indicates a worse fit. When samples are tax-
onomically homogenous, the relation between within- and between-individual
fits is nearly one-to-one, as indicated by the least squares regression line. Tax-
onomically mixed samples often have a higher mean fit between individuals
compared to that within individuals. The contour lines show the density of 1000
randomly mixed samples. The Pipistrellus sample is likely to contain individuals
from two species.

mixed samples. Because of its dubious consanguinity, the Pipistrellus sample was omitted
from the phylogenetic comparison.

Occlusal Fit and Phylogenetic Divergence

The fit of teeth from individuals from different samples was substantially worse than
those from the same sample (Fig. 4). The bootstrapped mean fit was 0.118 (± 0.005)
Procrustes units, higher than both the fits of teeth from the same individual and those
between individuals from the same sample.

A range of variation in the fit between samples was found, however, as might be
expected when comparing taxa of varying closeness of relationship (Fig. 5). The smallest
mean occlusal fit was 0.070 (±0.005) Procrustes units between Myotis daubentoni and
Eptesicus serotinus from Slovenia (Fig. 5, point a). The largest was 0.214 (±0.008) Pro-
crustes units between Rhinolophus ferrumequinum from England and N. leisleri (Fig. 5,
point b), which are likely to have last shared a common ancestor no later than the early
Oligocene, some 30–33 mya (Gunnell and Simmons, 2005).



Statistics of Molar Fits 291

Fig. 4. Graph showing the differences in mean fit for: (A) teeth from
the same individual; (B) teeth from different individuals in the same
sample; and (C) teeth from individuals from different samples. Standard
error bars for each mean are shown. Within- and between-individual
mean fits are nearly equal, but the between-sample mean fit is signifi-
cantly higher.

Occlusal fit was related to phylogenetic distance (Fig. 5). The least-squares regression
of mean Procrustes fit on Nd1 mtDNA Kimura 2-parameter genetic distance was y =
0.002x + 0.071. The variance around the regression was substantial, indicated by the
scatter of points and the 95% prediction envelope. The full ranges of individual pairwise
comparisons in each sample are shown as error bars. An Nd1 mtDNA divergence of more
than 12% was required before the worst between-sample occlusal fits became greater than
that of the worst within-sample fit found in N. leisleri (Fig. 5, points c and d). The mean fit
between many pairs of samples was well within the range found within a sample, suggesting
that taxonomic heterogeneity may not always be detected using our metric of occlusal
fit.

Illustrative examples of fits between individuals from within and between samples
are shown in Fig. 6. E. serotinus and Myotis myotis are relatively closely related, with
Barbastella barbastellus being more distantly related, and R. ferrumequinum even more
distant. With the exception of Barbastella, all of the teeth shown here fit those from the
same individual well. The teeth of Eptesicus and Myotis fit one another almost as well as
they fit teeth from their own population, but fit with the more distantly related Barbastella
and Rhinolophus much less precisely.

Occlusal Fits in B. tenuis

Are the occlusal fits of the teeth referred by B. tenuis close enough to support the
hypothesis that they belonged to a single species? We placed landmarks on the functional
diagrams published by Wood and Clemens and compared the occlusal fits with the ones
we found in bats. The occlusal fit between the upper second molar of UCMP 136091 with
that of UA 3721 was 0.219 Procrustes units, and the fit of the upper second molar of UA
4081 with UA 3721 was 0.267 Procrustes units (Fig. 7). These distances are plotted as
horizontal lines in Fig. 5 for comparison with occlusal fit distances measured in bats. Both
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Fig. 5. The relationship between occlusal fit and phylogenetic divergence. The abscissa shows phylogenetic
divergence between sample pairs as the Kimura 2-parameter genetic distance between their Nd1 mtDNA
sequences. The ordinate shows occlusal fit measured as the Procrustes distance between optimally superimposed
upper and lower teeth. Comparisons between samples are indicated with black dots and those between individuals
within a sample with white dots. Error bars around each point indicate the full range of fits between individuals
from the two samples. Within species comparisons are at the left of the diagram. A least squares regression line
through bootstrapped data (black solid line) and the 95% prediction envelop for the sample means (white space)
are shown. The two horizontal hatched lines show the Procrustes fit between the two pairs of individual Batodon
specimens (see Fig. 7). Data points discussed in the text are labelled as follows: (a) between-sample fits of M.
daubentoni and E. serotinus; (b) between-sample fits of R. ferrumequinum and N. leisleri; (c) between-individual
fits of N. leisleri; and labels e–n refer to the fits pictured in Fig. 6.

Batodon occlusal fits fell outside the within-species ranges, making the probability low
that they belong to the same species. The first pair is compatible with species having a
17% or higher Nd1 mtDNA sequence difference, and the second with species having 24%
or higher.
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Fig. 6. Table of optimally superimposed upper and lower teeth. The photos to the left show functionally
oriented molars from E. serotinus, M. myotis, B. barbastellus, and R. ferrumequinum. The pairs of lines show
the optimally superimposed fit of upper (solid grey lines) and lower (dark hatched lines) molar landmarks.
Each line connects the four landmarks used to quantify the occlusal contact points (1–4; cf., Fig. 1). The
diagonal elements show the upper and lower teeth of the same individuals and the off diagonal elements show
teeth from different individuals. The Procrustes distance for each fit is reported and labels e–n refer to points
in Fig. 5 (note that the labelled points represent mean fits between samples, whereas the fits pictured here are
between individuals).

DISCUSSION

Species Identification and Occlusal Fit

Our results indicate that the hypothesis that two teeth are conspecific can be falsified
when occlusal fits are poor, but not when they are good. Many taxonomically mixed pairs,
even distantly related ones, had fits as good as those within a species making practical
recognition difficult. Figure 5 suggests that our metric will seldom give a false conclusion
that teeth belong to two species when occlusal fit is greater than 0.17 Procrustes units, but
with fits of less than 0.15 the conclusion that two teeth are conspecific will often be wrong.
The lack of discriminatory power can partly be blamed on the simplicity of our measure of
fit, which is based on only four points and which does not take into account differences in
the size of the occluding teeth. The effects of our simplification are apparent in Fig. 6 where
the good fit between teeth of Barbastella and Rhinolophus underestimates the difference
in morphology apparent in the photographs. On the other hand, our metric does a good
job of representing the poor fit between Barbastella and Eptesicus. A method that utilized
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Fig. 7. Upper and lower molars of fossil teeth referred to B. tenuis by Wood and Clemens (2001)
and the optimal superimposition of their upper and lower landmarks. (A) Upper and lower molars
of UCMP 136091 and UA 3721, respectively in functional orientation. (B) Optimal fit between
landmarks of the teeth shown in (A) (upper molar in solid grey and lower in dark hatched lines).
(C) Upper and lower molars UA 4081 and UA 3721, respectively in functional orientation. (D)
Optimal fit between landmarks of the teeth shown in (C). The Procrustes distance for each fit
is reported and shown in Fig. 5 as a horizontal line. (A and C are reproduced from Wood and
Clemens, 2001, but shown here in reverse).

the entire complex three-dimensional form of the occluding surfaces would gain power
because it would be able to detect subtle malocclusions.

The situation is not so pessimistic when comparisons are between two multi-individual
samples rather than two individual teeth. Figure 4 showed that mean occlusal fit between
samples is significantly worse than the mean fit between teeth within a single sample. Fur-
thermore, a ratio greater than one of between-individual to within-individual fits indicates
that a sample contains more than one species. When we artificially mixed individuals from
two taxa into the same sample, the vast majority had between-individual fits that were
substantially higher than within-individual ones (Fig. 3). This finding is of practical use in
reassessing the taxonomic status of historic museum skull collections of species in which
cryptic diversity has only recently been recognized, such as in P. pipistrellus or Plecotus
austriacus.

Species-Level Diversity in Batodon

Batodon is an insectivorous eutherian mammal whose estimated body mass of 5.4 g
makes it the smallest known Cretaceous placental (Wood and Clemens, 2001). Specimens
are known from the Lance Formation of Wyoming, the Hell Creek Formation of Montana,
the Scollard Formation of Alberta, and the Frenchman Formation of Saskatchewan (Wood
and Clemens, 2001), all of which have been referred to the Lancian North American Land
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Mammal Age, 65–71 mya (Cifelli et al., 2004). Batodon is unknown from earlier or later
times (indeed, it is only known from a small part of the late Lancian), and its relationship to
other Eutherian mammals is problematic, with most authors placing it allied to Lipotyphla,
but with others placing it as incertae sedis and possibly outside crown-group Eutheria
(Novacek, 1976; Lillegraven et al., 1981; McKenna and Bell, 1997; Bloch et al., 1998;
Wood and Clemens, 2001).

Our statistics indicate that the hypodigm of Batodon contains more than one species.
Wood and Clemens (2001) used occlusal fit to test the hypothesis that specimens belonged
to a single species, B. tenuis, but were unable to reject it because no quantitative data on
fits were available. Our study of occlusal fit variation in microchiropteran bats suggests
strongly that molars belonging to the same species should fit together more tightly than
do the Batodon specimens figured by Wood and Clemens, providing power to reject the
single-species hypothesis. In our bat data, the worst fits between teeth belonging to the same
species were found in N. leisleri, where Procrustes distances ranged between 0.106–0.205
(Fig. 5, point c). The better of the two Batodon occlusal fits was 0.219 Procrustes units, lying
just outside this range, and the worse of the two, at 0.267 Procrustes units, lay well outside
it. A Z-test based on the distribution of all 400 of pairwise within-sample comparisons
(white dots and error bars, Fig. 5) indicates that the probability that UCMP 136091 and UA
3721 belong to the same species is only p = 0.00048, while the probability that UCMP
4081 and UA 3721 are conspecific is even lower at p < 0.00001. It seems likely that these
specimens represent more than one Batodon species.

If there is more than one species of Batodon, how divergent are they? Bat taxa with
individual occlusal fits as high as those in Batodon had Nd1 genetic distances of 19% or
higher, and genetic divergence of at least 25% was required to find mean fits that large
(Fig. 5). These genetic distances suggest a minimum of 9.5 million years since common
ancestry and easily as many as 12.5 my if typical mtDNA substitution rates of 2% per
million years (Brown et al., 1979; Klicka and Zink, 1997, 1998; Paulo et al., 2001) hold for
Nd1 in bats. Molecular clock estimates can be off the mark, however, especially without
a multipoint, gene-specific calibration for the taxonomic group in question (Springer,
1997; Springer et al., 2003; Graur and Martin, 2004). Palaeontological estimates suggest
divergences even more ancient. For example, Myotis and Eptesicus are taxa with an Nd1
genetic distance of around 19% (Fig. 5, points a and f), and they last shared a common
ancestor sometime earlier than the Late Oligocene (c. 25 mya); Rhinolophus has a genetic
distance of about 26% from Nyctalus, Eptesicus, and Myotis (Fig. 5, points b, k, and l), and
these taxa diverged before than the Early Oligocene (c. 32 mya) when Rhinolophus first
occurs (Gunnell and Simmons, in press). Multi-gene molecular phylogenies suggest that
rhinolophids are more closely related to Megachiroptera than to other microchiropterans,
implying even greater divergence times of 45–55 mya (Hutcheon et al., 1998, Springer
et al., 2001). Thus, no matter what the point of comparison, occlusal fits as large as those
found between Batodon specimens are comparable to those found between bat species
classified in different genera, if not families, and whose times-since-common ancestry are
measured in millions, if not tens of millions, of years.

Several caveats are worth noting, however. First, our measure of occlusal fit did not
take into account the size of teeth. Size is often an important difference among conspe-
cific populations and closely related species (Gingerich, 1974; Thorpe, 1976; Polly, 2001b;
Smith et al., 2004) and may help identify important occlusal differences among closely
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related species. Secondly, our study used a simple, crude representation of the occlusal
surface that utilized only four points. An occlusal surface is just that, however—a com-
plicated surface that contains much more information about fit than we incorporated. The
precision with which misfit can be detected would increase if a greater portion of that
information were used. Including size and a more complicated measure of shape would
allow a better distinction of occlusal fits among closely related species and a more refined
set of comparisons for assessing the fossil material. That said, these improvements in the
measure of fit would likely elevate the fits measured between the Batodon specimens, as
well as those of the bats, and probably would not alter the conclusion that more than one
species is represented. A more important caveat is that the rate of morphological diver-
gence among bat species may be slower than for other eutherians. Many cryptic species of
bat have recently been identified with molecular divergences that are very large (Barratt
et al., 1997; Mayer and von Helversen, 2001; Burland and Worthington Wilmer, 2001).
Furthermore, the evolution of bat teeth may also be constrained by total weight or by
functional demands of feeding in flight. If the rate of morphological change is slower in
bats, then the amount of sequence and taxonomic divergence relative to occlusal fit may
be exaggerated and we may be overestimating the divergence in Batodon based on the fit
between teeth. A third caveat is that occlusal fit may vary among taxa and among teeth.
We used microchiropteran first molars to assess fit because these teeth are like Batodon‘s
in being tribosphenic and small, but the two taxa are not closely related and may have
different genetic and functional constraints on variation and occlusal fit. It may also be the
case that variation in occlusal fit is different in second and third molars than in the first
because the former teeth are though to be more variable in shape. It is logically difficult
to see how fit in the distal teeth could be more variable, though, because the entire side
of the dentition occludes as a functional unit. A final caveat is that our measure of the
occlusal fit of Batodon was based on published camera-lucida illustrations rather than orig-
inal specimens. Dual-digitizing to reduce error was thus impossible, and the morphology
could have been distorted by the illustrating or printing processes. Either of them would
introduce error into the Batodon data which would not have been present in the bat data, and
would consequently inflate the apparent differences. All of these caveats deserve further
study.

CONCLUSIONS

Tribosphenic teeth have a complicated, information-rich occlusal pattern whose utility
for taxonomic, phylogenetic, and evolutionary analysis may not have been developed to
its full potential. We found that even a simple quantitative representation of occlusal fit
provides sufficient information to differentiate among difficult-to-distinguish species, such
as the two cryptic species of Pipistrellus “pipistrellus,” and to make coarse estimates of
the times since divergence between species. While we found considerable variation in the
degree of fit (both biological and artifacticious), we also found significantly worse fits
between the upper and lower teeth of different species than between members of the same
species. We also found that the degree of misfit between occluding teeth increases linearly
with phylogenetic divergence, albeit with considerable variance. Our results imply that the
species-level diversity of fossil species may be underrepresented, if the late Cretaceous
insectivore Batodon is typical. With important caveats, our study suggests that the fossil
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record of this rare eutherian may represent a diversity equivalent to that normally classified
into different genera and perhaps families in the extant record.
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