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Introduction

Size is probably the single most important determinant of body architecture,
physiology, ecology, life history, and social organization in mammals. Mor-
phological characteristics associated with each of these broadly defined as-
pects of structure and function can profitably be studied in relation to size,
and none can be fully understood without considering size. Here we outline
the relationship of tooth size to body size in frugivorous and folivorous pri-
. mates. For comparison we shall also consider the relationship of tooth size to
body size in insectivorous mammals.

Why study tooth size in relation to body size? There are at least three
distinct ways that the relationship of tooth size to body size is important:

1. Functional inference. Physiological requirements of animals change in
predictable ways as body size changes, and one way to study the functional
significance of a characteristic like tooth size is to examine how it changes in
relation to body size and coordinated physiological changes.

2. Baseline comparison. A clear understanding of the common or general
relationship of tooth size to body size permits one to identify outliers that
require different and special functional explanation.
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3. Prediction of body mass. Body size is a powerful predictor of diet and
other life history parameters in living primates and other mammals, and tooth
size can be used to estimate body size in fossils, providing access to a more
complete reconstruction of the biology of extinct species than would other-
wise be possible.

Geometry and Metabolism

Organisms are commonly described in terms of lengths, areas, and vol- .

umes. Taken singly or together, length, area, and volume (or weight) are the
measures of size. These simple elements of different dimension are interre-
lated in complex geometric ways. Length can be measured in any one or a
combination of two or three independent orthogonal directions. Two lengths
are necessary to define an area, and three are required to define a volume.
Change in one length affects both area and volume, and leads to a change of
shape. In fact, any change in any single measure of size (length, area, or
volume) leads to a change in shape. Shape remains constant only when all
lengths are changed by equal proportions (not equal amounts), and even here
areas and volumes change disproportionately.

As an example, imagine a morphological transformation preserving
shape. This change will be isometric, requiring all linear dimensions to
change by a constant proportion. If one length, say height, doubles, what
are the consequences for breadth and depth? These too must double, as
shown in Fig. 1. What about surface area? Surface area will not only double
but, being of greater dimension, surface area will increase as doubling raised
to the power of two. Volume will increase as doubling raised to the power of
three. These powers and proportions hold no matter how complex the
shape involved.

We can write a series of equations describing the relationships of length,
area, and volume under the constraint of isometry, when shape is preserved:

length Y, = b,(length X)!-0 (1)
area Y, = by(length X)%-© 2)
volume Y, = by(length X)3-0 3)

where b; is a constant of proportionality and the exponerits £; equal to 1.0, 2.0,
and 3.0 are associated with length, area, and volume, respectively.

One additional comparison is important here, comparison of a volume to
an area. Considering that length X = [(area Y,)/b,]'/? [Eq. (2)] and that length
X = [(volume Y4)/bs]'? [Eq. (3)], then

volume Y, _ ( area Y, >3/2
by by
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Fig. 1. Isometric transformation of simple or complex figures. Doubling all lengths  in figures at
left leads to disproportionate increases in surface area and volume (or weight) in figures at right.
To maintain shape at different sizes, all lengths must be changed by the same proportion, and
area and volume will necessarily change as the second and third powers of this proportion.

Length of side=2 £
Surface area « (2.L)% = 442
Volume « (2.£)%=843

and
b 3/2
volume Yq :—L(b2)3/2 area Y,
Consequently
volume Y, « (area Y,)!-® (4)
- Using a similar series of steps, but solving for area, one has
area Y, « (volume Y4)067 (5)

The exponents (or their inverses) 1.0, 2.0 (0.5), 3.0 (0.33), and 1.5 (0.67) are
the powers associated with isometric or “geometric” scaling, preserving shape
while the relationships of length, area, and volume are altered.
Nonisometric changes, involving changes in shape, are termed allometric.
While there is a finite number of isometric relationships, allometry includes an
infinite number of possibilities. For our purposes, only one allometric change is
important. This is the allometry of heat production (basal metabolism) in
eutherian mammals relative to body mass, which has been determined em-
pirically to involve an allometric exponent & of 0.75 (Kleiber, 1932; Schmidt-
Nielsen, 1975). Note that this metabolic exponent of 0.75 differs from all of the
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geometric exponents and their inverses discussed above. I, in examining tooth
crown area in relation to body mass, we can distinguish a scaling coefficient of
0.75 from 0.67, then we might suspect that crown area is somehow responding
to requirements of metabolism and not simply changing isometrically.

Methods

Quantitative study of size and shape requires careful consideration of the
nature of the problem to be solved, and appropriate choices of variables to be
compared, models of underlying relationship, and curve fitting techniques.

Choice of Variables

Body mass is usually used as a baseline in the study of primate body
architecture, locomotion, substrate preference, ecology, faunal structure,
home range size, life history, social organization, sexual dimorphism, and
other parameters, but this is not invariably the case. Choice of a body size
standard is often dictated by the standard employed in other studies to which
comparison will be made. Occasionally it may be necessary to repeat al-
lometric analyses with different body size standards to make them comparable
to a diverse range of related studies. It is sometimes best to study the allome-
try of body architecture in relation to body length or limb length rather than
body mass. Cranial allometry in a series of fossil species, for example, might
best be studied relative to one or more cranial dimensions rather than body
mass because body mass cannot be measured directly in fossil species. Howev-
er, comparison with modern species for which body mass is known might
make it advantageous to use predicted body mass in the fossils as a baseline.
The choice of a body size standard must be appropriate for the overall objec-
tives of any given study.

Choice of a measure or measures of tooth size also affects the results in
studying tooth size allometry. Hylander (1975) used maxillary incisor breadth
as a measure of tooth size in studying functional differences in the anterior
dentition of folivorous and frugivorous cercopithecoids. Kay (1975b) mea-
sured total crown length and other detailed morphological characteristics of
lower second molars to relate functional features of molar structure to diet in
primates. Gould (1975) measured the sum of maxillary postcanine crown
areas in studying the relationship of tooth size to metabolism and/or environ-
mental grain. Each of these measures of tooth size is appropriate for a specific
study, yet none can be regarded as representative for all possible problems of
allometric scaling one might encounter.

Tooth crown area (crown length multiplied by width) is often used as a
measure of tooth size, but crown area does not necessarily scale like crown
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length or crown width alone. Folivorous primates tend to have relatively
longer and narrower crowns than do frugivorous primates. An index of
crown length relative to width could be used to separate folivores from fru-
givores, but crown area combines length and width in a way unlikely to be
sensitive to such dietary differences. This is advantageous in some situations
and disadvantageous in others. Here again, the measure of choice must be
appropriate for the problem under study.

~Power Function Models

Power functions are customarily used to study the structural size rela-
tionships of various parts of organisms. The appropriateness of power func-
tions in allometric studies was outlined years ago by Huxley (1932). We are
interested not in “growth” but in “relative growth,” difference not in size but
in proportion. The general power function model used in studies of isometry
and allometry is customarily written

Y = bX* (6)

where, for our purposes, X is body size, Y is tooth size, & is the exponent or
power of body size (also referred to as the coefficient of allometry), and bisa
constant. Equation (6) can be written in logarithmic form

InY=%kInX+1nb (N

which is a linear equation of slope k and y intercept In b.

In a thoughtful analysis of allometry, Smith (1980) has argued that log-
arithmic transformation of raw data is inappropriate in many cases, and that
linear functions are preferable to power functions for purposes of analysis.
We disagree, for several reasons. As noted above, allometry is the study of
difference not in absolute size but in proportion. In algebraic terms, a dif-

" ference in one variable « with respect to another variable v can be written as
du/dv, and a difference in proportion is this quantity du/dv considered with
respect to w, i.e., (1/u) du/dv. It is a property of natural logarithms that

ldu _dlnu

udv ™ dv ®)
_Hence, differences in proportion, (1/u) du/dv, can be studied simply and
directly by studying differences in logarithmically transformed original
variables.

All of the equations relating length, area, and volume discussed above
[Egs. (1)—(5)] are power functions, as they must be when comparing charac-
teristics of different dimension. Linear models are a special case of power
function models that are only appropriate when comparing quantities of the
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same dimension. Power functions, as general models, include comparisons of
quantities of the same dimension as a special case. Finally, as we shall show in
the following analysis, power functions often fit actual data significantly better
than do simple linear models.

Curve Fitting Techniques

In the Introduction we discussed three distinct objectives of a study of
tooth size in relation to body size. The first two of these objectives, functional
inference and baseline comparison, require quantification of the structural
relationship of tooth size to body size. Error is inherent in both variables and,
given some degree of correlation between variables, the principal or major .
axis best describes the slope or scaling relationship of the variables. The third
objective, prediction of body size from tooth size, requires a different ap-
proach. Here tooth size is assumed to be known and error is inherent in only
one variable, predicted body size. Least squares regression is explicitly de-
signed for prediction problems, minimizing error in the dependent variable.
Regression of body size on tooth size is appropriate in determining equations
for predicting body size from tooth size.

Slopes calculated by regression are systematically lower than those calcu-
lated as principal or major axes, with the difference in calculated slopes in-
creasing as the correlation between variables decreases. If regression is used
to analyze structural relationship, the value of slopes (and allometric coeffi-
cients) will be systematically underestimated. The choice of methods for es-
timating slopes makes a difference, and this choice should be made with the
differing objectives of analyzing structure versus making predictions clearly
in mind.

Tooth Size and Body Size in Primates

Our objectives in studying primate tooth size scaling in relation to body
size are several. We are interested to know whether the sizes of individual
teeth, or upper and lower cheek teeth considered as a unit, scale isometrically
or allometrically. This question is considered in relationship to the more
specific problem of geometric versus metabolic scaling of tooth size. Second,
we want to know the uniformity of tooth size—body size scaling in primates
and to identify outliers that do not fit baseline scaling as defined by the
majority of primate species. Finally, we want to know how to use tooth size to
predict body size.

Metabolic scaling is defined in terms of body mass, and for this and other
reasons we have used body weight or mass as our criterion of body size. Tooth
size is measured as crown area—crown length multiplied by width—to avoid
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dietary grouping associated with tooth shape and to incorporate more infor-
mation in our measure of tooth size than any single measurement of tooth size
would yield. All weights and dental measurements were transformed log-
arithmically to facilitate analysis using power functions. Slopes of principal
axes were used to calculate allometric coefficients in structural analyses of
tooth size and body size, and regressions were used to predict body size from
tooth size. Sources of data and our principal conclusions regarding allometric
scaling of tooth size and the use of tooth size to predict body size have been
published previously (Gingerich et al., 1982). Here we review the general
pattern of allometric scaling in the primate dentition.

_ Scaling of Individual Teeth

A simple scatter plot of tooth crown area and body weight is shown in
Fig. 2A. This graph includes 43 species of folivorous and frugivorous pri-
mates, with males and females plotted separately. The distribution is cur-
vilinear, approximating a parabola in shape, with slope decreasing as body
size increases (solid line). Assuming a linear rather than curvilinear model
for this distribution, the correlation of untransformed tooth size and body
size measurements is 0.937. Transforming all measurements in Fig. 2A to
logarithms yields the distribution shown in Fig. 2B. Here the distribution
approximates a straight line. The correlation of transformed crown area and
body mass measurements is 0.967, a correlation significantly higher than
that for untransformed measurements (p < 0.02). The slope of the principal
axis of the linear distribution in Fig. 2B is 0.638; this is the allometric coeffi-
cient describing how the crown area of the lower first molar of primates
scales with respect to body mass. Correlations and slopes (allometric coeffi-
cients) for the remaining upper and lower teeth of folivorous and fru-
_givorous primates are listed in Table 1.

All of the slopes listed in Table 1 are allometric in the sense that none of
them is exactly equal to the coefficient of 0.67 expected for isometry of tooth
. crown area and body volume or mass. However, most of the slopes do not
differ significantly from 0.67 in a statistical sense (p < 0.05). Of those that do
differ significantly, six are greater than 0.67 and two are less than 0.67.
Interestingly, there is a definite pattern of scaling coefficients corresponding
to incisor, canine, and cheek tooth functional fields in the primate dentition
(Fig. 3). Central cheek teeth have the lowest scaling coefficients, and teeth
anterior and posterior to these have higher coefficients. Lower teeth as a rule
have higher allometric coefficients than their counterparts in the upper denti-
tion. The only notable exception is in the lower incisors, which have relatively
low allometric coefficients for teeth in the lower dentition and relatively low
coefficients by comparison with upper incisors.

The pattern of allometric scaling of individual teeth in the primate denti-
tion is such that anterior and posterior cheek teeth become relatively larger
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Fig. 2. Allometry of tooth size and body weight in 43 species of frugivorous and folivorous
primates. Males and females are plotted separately. (A) Bivariate scatter with body weight on the
abscissa and M, crown area on the ordinate. Note curvilinear relationship. A linear model
applied to this distribution has a high correlation (r = 0.937) because most points are clustered at
one end of the distribution. (B) Logarithmic transformation of the same distribution, showing a
linear relationship of the transformed variables and a higher correlation (r = 0.967). The al-
lometric coefficient k, the slope of the principal axis (solid line), is 0.638, and the Iny intercept b is
—92.119. Note how the use of regression (dashed line) to estimate slopes systematically underesti-
mates k (regression k& = 0.626 versus principal axis £ = 0.638; this difference increases as the
correlation decreases). Data from Gingerich et al. (1982).
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Table 1. Correlation and Allometric Scaling of Tooth Crown Area and Body
Weight in Frugivorous and Folivorous Primates«

95%
Sample Confidence
Tooth size Correlation Slope interval Intercept
position 2N r k for slope In b
Individual upper teeth
It 73 0.835 0.80 0.68-0.93 -3.70
12 73 0.858 0.75 0.65-0.86 —3.75
C! 82 0.947 0.72 0.67-0.78 -2.71
p2 27 0.902 0.70 0.57-0.84 —2.76
p3 83 0.943 0.65 0.60-0.70 —2.48
p4 83 0.934 0.59 0.54-0.64 —1.85
M! 82 0.946 0.57 0.53-0.61 —1.27
M2 83 0.945 0.68 0.63-0.73 -2.10
M3 81 0.947 0.78 0.72-0.84 -3.19
Individual lower teeth
I, 70 0.854 0.72 0.62-0.83 —3.54
Iy 70 0.921 0.65 0.58-0.72 -2.85
(of) 75 0.882 0.79 0.69-0.89 -3.53
Py 27 0.913 0.76 0.63-0.91 -3.15
Py 83 0.954 0.78 0.72-0.83 —3.43
P, 83 0.955 0.65 0.61-0.70 —2.56
M, 83 0.967 0.64 0.60-0.68 —2.12
M, 83 0.968 0.73 0.69-0.77 ~2.72
M, 81 0.947 0.80 0.74-0.86 —3.32
Sum of upper and lower cheek teeth
P2_M3 78 0.949 0.62 0.57-0.67 —0.28
Po—M; 77 0.964 0.69 0.65-0.73 -0.91

“Number of species (V) includes males and females entered in analysis separately. Sources of data and confi-
dence intervals are described in Gingerich ef al. (1982).

with increasing body size. Lower incisors remain the same and upper incisors
become relatively larger, while upper cheek teeth remain about the same and

" lower cheek teeth become relatively larger with increasing body size. Smaller

primates have relatively smaller (narrower) lower cheek teeth and more V-
shaped dental arcades, while upper and lower cheek teeth are more nearly
equal in size (width) and the dental arcades are more U-shaped in larger
primates.

Given the small number of tooth positions scaling with positive allometry
(greater than isometry), and a strong tendency for these to be located at the
ends or junctions of functional fields, it is unlikely that the few cases of
positive allometry differing significantly from isometry reflect any influence
of metabolic scaling. Geometric scaling (isometry) of the dentition as a whole
would appear to require differential positive allometry at the ends of func-
tional fields to compensate for negative allometry within them.
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Scaling of Cheek Teeth as a Unit

One would anticipate that the size of cheek teeth considered as a unit
might be most likely to reflect metabolic scaling because cheek teeth are in-
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volved directly in breaking down food for digestion, the digestive process
providing the principal source of metabolic energy. The slopes (allometric
coefficients) of upper and lower cheek teeth are listed in Table 1, and their
positions relative to the geometric (isometric) and metabolic scaling models
are shown graphically in Fig. 4. Neither differs significantly from geometric
scaling (p < 0.05). Upper cheek teeth as a unit have a scaling coefficient of
0.62, which is considerably below geometric scaling. Lower cheek teeth are
slightly positive allometrically, with a coefficient of 0.69, but this is much too
low to suggest metabolic scaling.

Tooth Size and Body Size in Insectivores

Species of Tarsius stood out well above baseline in our original analysis of
tooth size scaling in primates. Tarsius has relatively large cheek teeth for its
body size. It is unusual among primates in being almost exclusively insec-
tivorous (MacKinnon and MacKinnon, 1980). In an attempt to better under-
stand scaling differences in Tarsius, we compiled tooth size and body size
measurements for a broadly representative sample of mammalian insec-
tivores, comprising 40 species of Insectivora in the five families Soricidae,
Talpidae, Erinaceidae, Macroscelidae, and Tupaiidae. Zalambdodont species
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Fig. 4. Comparison of scaling coefficients k for upper cheek teeth as a unit and lower cheek teeth
as a unit. Note that neither group differs significantly from geometric scaling (isometry). The

scaling coefficient of each group is significantly below that predicted for metabolic scaling. Data
from Table 1.
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in the families Chrysochloridae, Solenodontidae, Tenrecidae, and Po-
tamogalidae were also studied, but these species were excluded from analysis
because of their unusually specialized dental morphology. We measured
crown area (crown length multiplied by width) to characterize tooth size, and
used body weight as a measure of body size. All measurements of upper and
lower first molars were taken from original specimens. Body weights for
individual specimens or species were taken from specimen labels or from the
literature. Sexual dimorphism in insectivores is negligible, and we used five or
more specimens of each sex to represent a species whenever possible. A full
analysis of these data will be published elsewhere.

Upper first molars in Insectivora scale with an allometric coefficient k of
0.55 (95% confidence interval 0.50-0.60; Table 2). This is slightly less than
the coefficient k of 0.57 in frugivorous and folivorous primates, and it is well
below the geometric scaling coefficient of 0.67. We do not have measurements ’
for other upper cheek teeth in insectivores, but, assuming the pattern in
insectivores follows that in primates, coefficients for other cheek teeth are
probably higher than 0.55. Upper cheek teeth as a unit may approach geo-
metric scaling. However, the scaling value for M! alone is so far below the
metabolic coefficient of 0.75 as to make metabolic scaling in the upper denti-
tion very unlikely.

Lower first molars in Insectivora scale with an allometric coefficient k of
0.59 (95% confidence interval 0.54—0.64). This is again a little lower than that
of frugivorous and folivorous primates, but probably not significantly so. It is
well below the coefficient expected for geometric scaling, but lower cheek
teeth as a unit may approach geometric scaling. The scaling value for M,
alone is so far below metabolic scaling as to make metabolic scaling in the
lower dentition very unlikely.

The principal difference between Insectivora and frugivorous and foli-
vorous Primates is in tooth size intercepts. Insectivores have an intercept In b

Table 2. Correlation and Allometric Scaling of Tooth Crown Area and
Body Weight in Insectivores of the Families Soricidae, Talpidae, Erinaceidae,
Macroscelidae, and Tupaiidae«

95%
Sample Confidence

Tooth size Correlation Slope interval Intercept
position N r k for slope In b
Individual upper tooth

M1 40 0.966 0.55 0.50-0.60 —-0.40
Individual lower tooth

M, 40 0.969 0.69 0.54-0.64 —-0.95

aZalambdodont insectivores are not included. Number of species N includes both males and females analyzed
together. Full documentation to be published elsewhere.
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well above that of primates (—0.40 versus —1.27 for M! and —0.95 versus
—2.12 for M,). Similar allometric coefficients coupled with greater tooth size
intercepts mean that tooth size is greater in insectivores than it is in fru-
givorous and folivorous primates. This difference is illustrated graphically in
Fig. 5, where solid figures represent insectivores, and half-shaded figures
represent six species of Tupaiidae and six species of insectivorous primates
(Tarsius bancanus, T. borneanus, T. spectrum, T. syrichta, Galago demidoviz, and
Loris tardigradus). Microcebus murinus is regarded as a frugivore (Kay, 1975b),
but it falls very close to Galago demidovii and, like G. demidovii and Loris tar-
digradus, it appears to be intermediate between insectivores and primate fru-
" givores/folivores. Species of Tarsius are unusual among primates in falling
well above the general primate scaling axis and astride the insectivore scaling
axis, a position consistent with their insectivorous habit.

Discussion

Many authors have studied the relationship of tooth size to body size in
primates in recent years. Considering that most primates have between 30
and 40 teeth (which can be measured and combined in innumerable ways),
and that body size is measured as, e.g., total body mass (weight), skull length,
femur length, or in a variety of other ways at the convenience of the investiga-
tor, it is not surprising that published results cover the entire spectrum of
reasonable possibility.

Pilbeam and Gould’s survey of tooth size in primates and other mammals
led them to conclude that larger species have relatively larger cheek teeth
than one would expect if geometric similarity is maintained (Pilbeam and
* Gould, 1974; see also Gould, 1975). This positive allometry in tooth size
approached the positive allometry of metabolism, leading Pilbeam and Gould
to suggest a possible functional link between tooth size and metabolic rate in
primates and other mammals. Kay (1975a) challenged this with data showing
that tooth size usually scales isometrically (geometrically) rather than meta-
bolically in homogeneous dietary groups. A major difference in the two stud-
ies involves the choice of a standard for body size. Pilbeam and Gould used
skull length in six examples, body mass in two examples, and femur length in
the final example. The only scaling coefficient that was significantly greater.in
a statistical sense than that predicted by isometry was scaling of total cheek
tooth area against skull length in hystricognath rodents. Kay used body mass
as a standard for body size, and found that none of the seven groups he
examined had scaling coefficients significantly greater than predicted by iso-
metry. Four of Kay’s seven examples had scaling coefficients significantly
lower than predicted by metabolic scaling. Total cheek tooth area was used in
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two of these examples as a measure of tooth size, and the crushing surface
area of lower second molars was used in the other two examples.

The apparent contradiction between Pilbeam and Gould’s results and
those of Kay can be resolved by noting the different standards of body size
used in each study. Skull length, femur length, and body mass are highly
correlated in mammals, but one does not scale isometrically with the other.
Smith (1981) has shown this clearly for a broad range of anthropoid primates.

. Given that they are not the same, which standard i1s appropriate? In this

particular case the answer is clear. All attempts to quantify the relationship of
metabolism to body size involve scaling metabolic rate against body mass. The
relationship of metabolic rate to skull length or to femur length has never
been studied. Body mass is clearly the only appropriate standard if results are
to be compared with metabolic scaling.

Different measures of tooth size will also yield different results. Crown
area is based on two simple measurements, crown length and width, and gives
a reasonably good measure of overall tooth size. Crown area alone cannot
represent crown shape, crown height, or the size of particular functional
features (cusps, crests, basins) that may be of interest. All of these are candi-
dates for more detailed future study. Our work presented here shows that
there are definite patterns of overall tooth size scaling that relate to position in
the dentition and to diet.

Lower incisors (I,, I,) and central cheek teeth (P4, M1) have the lowest
scaling coefficients. In the upper dentition these are well below geometric
scaling and in the lower dentition they are approximately equal to geometric
scaling. Upper incisors and teeth at the anterior and posterior limits of the
cheek tooth series exceed geometric scaling and have scaling coefficients ap-
proaching or even exceeding metabolic scaling. Cheek teeth as a unit appear
to scale geometrically, and it seems unlikely that “metabolic” coefficients in
the anterior and posterior cheek teeth actually reflect any relationship to
metabolism. Rather, teeth at the ends of cheek tooth units have high scaling

" coefficients because they are in areas where there is space for teeth to be

enlarged differentially with increasing body size. High coefficients in margin-

- al cheek teeth compensate for low coetticients in central cheek teeth in main-

taining overall geometric scaling.

Upper cheek teeth scale with lower coefficients than their counterparts in
the lower dentition. This may, again, be a reflection of the lower jaw being less
constrained by surrounding structures, permitting its teeth to be differentially
enlarged at progressively larger body sizes. Insectivorous primates and other
mammals have larger cheek teeth than do frugivorous and folivorous pri-
mates, a difference that must be related in some way to mastication of animal
prey.

Scaling of cheek tooth size against body weight in Primates and Insec-
tivora involves coefficients clustered below or spanning the range expected
for geometric scaling (isometry). A few coefficients reach the range to be
expected in metabolic scaling, but these are in peripheral teeth of integrated
functional units that themselves scale geometrically. Our results are clearly at
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variance with those of Pilbeam and Gould (1974, 1975) and Gould (1975), and
they support Kay (1975a) in showing that tooth size in primates scales geo-
metrically, not metabolically, with respect to body mass.
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