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ABSTRACT Objective: Multiple meaningful ecological
characterizations of a species revolve around body mass.
Because body mass cannot be directly measured in
extinct taxa, reliable body mass predictors are needed.
Many published body mass prediction equations rely on
dental dimensions, but certain skeletal dimensions may
have a more direct and consistent relationship with body
mass. We seek to evaluate the reliability of prediction
equations for inferring euarchontan body mass based on
measurements of the articular facet areas of the astraga-
lus and calcaneus. Methods: Surface areas of five astra-
galar facets (n = 217 specimens) and two calcaneal facets
(n=163) were measured. Separate ordinary least
squares and multiple regression equations are presented
for different levels of taxonomic inclusivity, and the reli-
ability of each equation is evaluated with the coefficient
of determination, standard error of the estimate, mean
prediction error, and the prediction sum of squares sta-
tistic. We compare prediction errors to published predic-

Although the body mass of a species is a fundamental
biometric (Peters, 1983; Calder, 1984; Schmidt-Nielsen,
1984; McNab, 1990), it remains difficult to reconstruct
accurately from osteological elements. Though some
museum specimens have associated body masses, these
instances are relatively rare and are of questionable util-
ity, as body mass can change dramatically over the
course of an individual’s lifetime (Glander, 2006). There-
fore, for both extant and fossil specimens, it is important
to have a set of reliable predictive equations to predict
body mass. Within the body mass prediction literature,
there is considerable debate regarding appropriate fea-
ture selection (Ruff et al., 1989; Smith, 2002), appropri-
ate reference samples (Gingerich et al., 1982; Conroy,
1987; Gingerich, 1990; Dagosto and Terranova, 1992;
Ruff, 2003), treatment of sexual dimorphism (Gingerich
et al., 1982; Conroy, 1987; Payseur et al., 1999; Delson
et al., 2000; Ruff, 2003; Egi et al.,, 2004), regression
methods (Payseur et al., 1999; Mendoza et al., 2006;
Warton et al., 2006; De Estaban-Trivigno et al., 2008;
Smith, 2009), and the application of correction factors
(Smith, 1993). In this study, we attempt to address these
issues utilizing tarsal articular surface areas taken from
a diverse sample of euarchontan taxa and using a vari-
ety of regression methods.

Despite the existence of several predictive equations
derived from skeletal measurements (Dagosto and Terra-
nova, 1992; Payseur et al., 1999; Delson et al., 2000;
Ruff, 2003; Tsubamoto, 2014), many fossil primate body
masses have been derived from dental measurements
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tion equations that utilize dental and/or tarsal measures.
Finally, we examine the effects of taxonomically specific
regressions and apply our equations to a diverse set of
non-primates. Results: Our results reveal that predic-
tions based on facet areas are more reliable than most
linear dental or tarsal predictors. Multivariate
approaches are often better than univariate methods, but
require more information (making them less useful for
fragmentary fossils). While some taxonomically specific
regressions improve predictive ability, this is not true for
all primate groups. Conclusions: Among individual fac-
ets, the ectal and fibular facets of the astragalus and the
calcaneal cuboid facet are the best body mass predictors.
Since these facets have primarily concave curvature and
scale with positive allometry relative to body mass, it
appears that candidate skeletal proxies for body
mass can be identified based on their curvature and scal-
ing coefficients. Am J Phys Anthropol 157:472-506,
2015. © 2015 Wiley Periodicals, Inc.

(Kay and Simons, 1980; Gingerich et al., 1982; Conroy,
1987; Legendre, 1989; Egi et al., 2004; Bajpai et al.,
2008). This is partly the result of available material,
since most fossil species are better known from their
dentition than from postcranial elements. While statisti-
cal relationships between dental measurements and
body mass are certainly strong, we might expect a more
biologically meaningful relationship between certain
skeletal dimensions and body mass (Hylander, 1985;
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Jungers, 1987; Gingerich, 1990), as many postcranial
elements are directly responsible for transmitting forces
generated by body mass through the skeleton.

Two types of postcranial variables have received sub-
stantial attention as body mass predictors in mammalian
taxa: articular surface areas (Jungers, 1988; Dagosto and
Terranova, 1992; McHenry, 1992; Anyonge, 1993; Hart-
wig-Scherer, 1994; Martinez and Sudre, 1995; Rafferty
et al., 1995; Egi, 2001; Ruff, 2003; Andersson, 2004; Tsu-
bamoto, 2014) and cross-sectional diaphyseal measure-
ments (Aiello, 1981; Rightmire, 1986; Anyonge, 1993;
Hartwig-Scherer, 1994; Egi, 2001; Ruff, 2003). However,
Lieberman et al. (2001) found articular surface areas in
the limbs of sheep to be ontogenetically constrained and
relatively invariant under different loading regimes. In
contrast, cross-sectional geometry was significantly differ-
ent in exercised vs. sedentary animals across all age
classes, leading Lieberman et al. (2001) to conclude that
“in terms of estimating body mass at the species level, the
results presented here suggest that on a priori grounds,
body mass estimates based on articular dimensions...are
likely to be more accurate than estimates of body mass
based on shaft size” (p. 276, italics in original).

Furthermore, most primates are “hindlimb-driven”
mammals (Kimura et al., 1979; Kimura, 1985, 1992;
Reynolds, 1985; but see Demes et al., 1994; Schmitt,
2003; Schmitt and Hanna, 2004) with a higher vertical
peak reaction force experienced in the hind limbs than
the forelimbs. If hind limbs must transmit a greater,
and less variable, proportion of body mass during loco-
motion than the forelimbs, then hind limb elements may
be particularly useful indicators of body mass (Dagosto
and Terranova, 1992; Delson et al., 2000; Ruff, 2003;
Tsubamoto, 2014). Recently, Yapuncich and Boyer (2014)
examined the scaling relationships between articular
surfaces of the astragalus (=talus) and body mass to deter-
mine whether the areas of joint surfaces were the product
of muscle- or mass-induced forces. Among five articular
surfaces of the astragalus, the ectal (=posterior calcaneal
facet) and fibular facets consistently exhibited the strong-
est positive allometric relationships to body mass, indicat-
ing these facets were the most “mass-sensitive” articular
surface of the astragalus. This led to the prediction that
they would be the most accurate predictors of body mass
among astragalar articular surfaces for primates. Glad-
man and Boyer (2012) recovered similarly strong positive
allometry for the cuboid facet of the calcaneus.

This improved functional understanding of the euarch-
ontan astragalus and calcaneus may help address one of
the most central debates in predicting body mass: specifi-
cally, what type of feature is most appropriate for con-
structing prediction equations. Smith (2002) has advocated
a largely statistical approach for evaluating predictor vari-
ables, stating that “functionally important variables with
poor statistical properties are poor predictors, and varia-
bles of unknown functional relationship to body mass but
with good statistical properties are good predictors” (p.
274). In contrast, Ruff et al. (1989) argue the ideal variable
for estimating body mass would be one that “manifests a
close functional relationship to body mass that does not
vary significantly over different taxa” (p. 515). To reconcile
these two positions, we seek a functionally important pre-
dictor variable that is relatively invariant among different
taxa, but which also has strong statistical properties.

In addition to the selection of appropriate predictor vari-
ables, we attempt to address several other issues of body
mass prediction, including how to gauge the reliability of
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the prediction equations, the most appropriate taxonomic
levels at which to perform regressions, whether to group
individuals into species- or sex-specific means, and whether
univariate or multivariate predictors perform better.

Gauging Reliability: The reliability of body mass pre-
diction equations has been evaluated with three primary
metrics (detailed citations below): precision (the statisti-
cal strength of the relationship between the predictor
variable and body mass), accuracy (how closely the pre-
dicted body mass matches actual body mass), and gener-
ality (how broadly, in both a functional and phylogenetic
sense, the prediction equation can be applied). These
qualities are not necessarily correlated, as a precise pre-
dictor may not lead to accurate body mass predictions in
a new sample, and may even be antagonistic, since a
precise predictor may be limited to a specific functional
or phylogenetic context. Indeed, Gingerich (1990) has
suggested, “generality and precision can probably never
[be] achieved simultaneously” (p. 87).

Many studies gauge precision with statistical parame-
ters of the prediction equation (Gingerich et al., 1982;
Conroy, 1987; Legendre and Roth, 1988; Legendre, 1989;
Ruff et al., 1989; Gingerich, 1990; Cuozzo, 2001; Egi,
2001; Andersson, 2004; Egi et al., 2004), including corre-
lation coefficient (r), coefficient of determination (2),
mean squared error (MSE), and/or percent standard
error of the estimate (%SEE: for natural log-transformed
data = e!SEET460521 _ 100 [Ruff, 2003]). However, since
these metrics do not actually measure the predictive
accuracy of the equation, the strength of the relationship
between body mass and the predictor variable is a rela-
tively poor criterion for evaluating the reliability of pre-
dictive equations (Smith, 1985).

One method for determining an equation’s accuracy is
to predict the body mass of specimens not included in
the reference sample and then to calculate the percent-
age prediction error (%PE): !

([Observed body mass — Predicted body mass|/
Predicted body mass)x100 = %PE

A mean percentage prediction error (%MPE) can then
be calculated by averaging the absolute values of predic-
tion errors for all individuals used to test a given regres-
sion. Originally suggested by Smith (1985), %MPE has
since been utilized by many body mass estimation stud-
ies (Dagosto and Terranova, 1992; Anyonge, 1993; Aiello
and Wood, 1994; Martinez and Sudre, 1995; Kappelman,
1996; Payseur et al., 1999; Delson et al., 2000; Rulff,
2003; Mendoza et al., 2006; Spocter and Manger, 2007;
De Estaban-Trivigno et al., 2008; Halenar, 2011; Church-
ill et al., 2014; Elliott et al., 2014; Tsubamoto, 2014).
Due to the variability of body mass within a species,
between subspecies, and over an individual’s lifetime
(Dagosto and Terranova, 1992; Delson et al., 2000; Glan-
der, 2006), equations that have %PEs of less than than
+20% for the majority of the test specimens have been
deemed reliable (Dagosto and Terranova, 1992; Aiello

1We prefer to use “observed” rather than “actual” (following Jungers,
1985, but contra Dagosto and Terranova, 1992; Delson et al., 2000).
Since we employ literature-derived species mean body masses and
because body mass varies longitudinally in the same individual (Glan-
der, 2006), it is unclear what the “actual” body mass of an individual is.
“Observed” body mass can include either associated body masses for
individuals or species/sex means.
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and Wood, 1994; Delson et al., 2000; Elliott et al., 2014),
a convention we follow here.

Despite the ubiquity of %MPE, there are many meth-
ods for gauging the accuracy of regression equation other
than using a test sample, as pointed out by Smith (2002).
Indeed, holding aside a test sample simultaneously weak-
ens the reference sample and appears less reliable than
other cross-validation methods (Darlington, 1990; Schmitt
and Ployhart, 1999). Alternative measures of accuracy
include split-sample cross-validation and leave-one-out
methods such as the prediction sum of squares or predic-
tion sum of squares (PRESS) statistic (Allen, 1974; Smith,
2002). Despite Smith’s (2002) appeal for the application of
other cross-validation methods, subsequent studies (e.g.,
Ruff, 2003; Mendoza et al., 2006; Spocter and Manger,
2007; De Estaban-Trivigno et al., 2008; Halenar, 2011;
Churchill et al., 2014; Elliott et al.,, 2014; Tsubamoto,
2014) have not utilized these statistical measures. We
incorporate the PRESS statistic for the first time in tan-
dem with the more traditional metrics described above to
assess the accuracy of our prediction equations.

Generality refers to the functional and phylogenetic
breadth to which a prediction equation can reasonably
be applied. Therefore, there is tension between precision
and generality. For primates, regression equations have
been generated for taxonomic levels ranging from a sin-
gle species (Cuozzo, 2001) to the entire order (Gingerich
et al., 1982; Conroy, 1987; Legendre, 1989), though post-
cranial estimators are often split along infraorder divi-
sions (Dagosto and Terranova, 1992; Payseur et al.,
1999) or lower taxonomic levels (Kay and Simons, 1980;
Delson et al., 2000; Ruff, 2003). Other studies have used
mammal-wide regressions (Gingerich, 1990; De Estaban-
Trivigno et al., 2008; Tsubamoto, 2014), focused on par-
ticular orders (Legendre, 1989; Martinez and Sudre,
1995; Mendoza et al., 2006), or compared families (Any-
onge, 1993; Andersson, 2004, Churchill et al., 2014). There
is no clear metric for generality, and debate continues
whether sample populations for regressions should be
broadly similar to test specimens (Gingerich, 1990; Chris-
tiansen, 2004) or whether increased phylogenetic and
functional diversity (combined with multiple regression
methods) lead to more robust prediction equations (Men-
doza et al., 2006). However, when applying a predictive
equation to fossil taxa, it seems prudent to include suffi-
cient taxonomic breadth in the sample population to
“bracket” the phylogenetic placement of the fossils (Dam-
uth and MacFadden, 1990; Witmer, 1995; Ruff, 2003).
Tarsier body mass has proven difficult to predict accu-
rately using either dental (Gingerich et al., 1982) or post-
cranial (Dagosto and Terranova, 1992) estimators, which
may in part be due to the lack of taxonomic breadth neces-
sary to sufficiently “bracket” this unique primate lineage.
It therefore forms an important test case for our study.

Grouping of Individuals: Since species mean body
mass is the objective of prediction equations, there is
general agreement among researchers that species
means should be the input for generating the regression
(Conroy, 1987; Dagosto and Terranova, 1992; Payseur
et al., 1999; Delson et al., 2000). However, it is not clear
how sexual dimorphic species should be grouped. Within
primates, this problem is seen most acutely in catar-
rhine prediction equations (Delson et al., 2000; Ruff,
2003), since many Old World monkeys and apes are
highly sexually dimorphic. For primate prediction equa-
tions, solutions have included generating separate
regression equations for males and females (Conroy,
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1987; Delson et al., 2000), inputting males and females
into the regression separately (Gingerich et al., 1982;
Ruff, 2003; Egi et al., 2004), or using sex-specific means
for those species that exhibit a particular level of sexual
dimorphism (Payseur et al., 1999). The impacts of vari-
ous levels of sexual dimorphism on the reliability of pre-
diction equations have not been thoroughly investigated.

Regression Methods: Although there is considerable
debate surrounding the most appropriate regression
methods for examining scaling relationships (Warton
et al., 2006), there is widespread agreement that ordi-
nary least squares (OLS) regression is the preferred
method for predictive purposes (Gingerich et al., 1982;
Conroy, 1987; Legendre, 1989; Dagosto and Terranova,
1992; Delson et al., 2000; Smith, 2009). However, multi-
ple regression methods have become increasingly popular
for predicting mammalian body mass (Payseur et al.,
1999; Mendoza et al., 2006; De Estaban-Trivigno et al.,
2008; Churchill et al., 2014; Tsubamoto, 2014). Both
approaches have their merits: univariate regressions rely
on a single variable, which is more likely to be preserved
in fossil specimens, while multiple regressions (MR) are
likely to increase accuracy and precision of the prediction
(Gingerich, 1990; Jungers, 1990; Sokal and Rohlf, 1995;
Mendoza et al., 2006). However, even with sufficient skel-
etal representation, multiple regression methods may pro-
duce inaccurate results when applied to specimens with
skeletal specializations differing significantly from taxa
used to generate the regression (Ruff, 2003).

There have been multiple methodological develop-
ments since Dagosto and Terranova (1992) published
their pioneering study detailing the relationship
between tarsal measurements and body mass in Eocene
primates. These include 1) improved understanding of
scaling relationships in the primate ankle (Parr et al.,
2011; Yapuncich and Boyer, 2014), 2) increased data on
extant euarchontan body masses (Smith and Jungers,
1997; Smith et al., 2003), and 3) new imaging technolo-
gies that allow for more accurate surface area measure-
ments on bones (laser-scanning and pCT). These
improvements, as well as the rapidly expanding sample
of fossil primate tarsals (e.g., Beard et al., 2007; Gebo
et al., 2008, 2012; Boyer et al., 2010, 2013; Marivaux
et al., 2011; Rose et al., 2011; Gladman et al., 2013; Ni
et al., 2013), call for the development and evaluation of
a new set of body mass prediction equations for prima-
tes. Here, we attempt to reconcile some of the complica-
tions of body mass prediction outlined above with an
extensive sample of extant euarchontan taxa, taking
detailed astragalar and calcaneal facet measurements on
surface models derived from pCT data, and using both
univariate and multivariate regression techniques. We
compare the reliability of our prediction equations to
previously published body mass predictors derived from
both skeletal and dental dimensions.

METHODS AND MATERIALS
Facet measurements

Six articular surface area measurements (Table 1)
were taken on the astragali of 217 adult individuals rep-
resenting 76 extant euarchontan species (Table 2). These
included areas of the lateral tibial facet, medial tibial
(=medial malleolar) facet, fibular facet, ectal (=posterior
calcaneal) facet, sustentacular (=anterior calcaneal)
facet, and the navicular facet (Fig. 1). Because the sus-
tentacular and navicular facets are confluent in



COMPARING DENTAL AND TARSAL BODY MASS PREDICTORS

475

TABLE 1. List of measurements used to generate body mass estimation equations

Abbreviation Bone Measurement

LTFA Astragalus Lateral tibial facet area

MTFA Astragalus Medial tibial facet area

FFA Astragalus Fibular facet area

EFA Astragalus Ectal/posterior calcaneal facet area

HEAD Astragalus Head articular surface - sum of sustentacular
and navicular facet areas

PC1 CORR Astragalus First principal component of correlation matrix

PC1 COVA Astragalus First principal component of covariance matrix

CEFA Calcaneus Ectal/posterior astragalar facet area

CCFA Calcaneus Cuboid facet area

primates, the two measured values were combined to
create the head articular surface area. Following Pay-
seur et al. (1999), principal components analysis was
performed on the five astragalar variables to obtain the
first principal component (one version of this analysis
uses the correlation matrix, while the other uses the
covariance matrix). The first principal component may
provide a useful proxy for body mass, as it has been
shown to represent a vector of size and size-correlated
shape (Jolicoeur, 1963). Therefore, we were able to

Fig. 1.

regress body masses against seven variables for the
astragalus (Table 1). Two articular surface area meas-
urements were taken on the calcanei of 163 adult indi-
viduals representing 80 extant euarchontan species
(Table 2). Calcaneal facet measures included areas of the
ectal (=posterior astragalar) and cuboid facets (Fig. 1).
All measurements were taken on nCT images of speci-
mens scanned at the Microscopy and Imaging Lab of
American Museum of Natural History, the Shared Mate-
rials Instrumentation Facility at Duke University, or the

Facet measurements for astragalus (=talus) and calcaneus. Views are medial (M), lateral (L), dorsal (D), lateral (L),

plantar (P), and distal (Di). Articular surface areas were measured for the medial tibial facet (MTFA), lateral tibial facet (LTFA),
fibular facet (FFA), astragalar ectal facet (EFA), head articular surface (HEAD), calcaneal ectal facet (CEFA), and cuboid facet
(CCFA). Astragalar facet measures shown on Cebus apella (AMNH 133606); calcaneal facet measures shown on Cebus albifrons

(AMNH 209924).
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imaging facility of Stony Brook University Center for
Biotechnology. Scans were reconstructed in Avizo 6.0-8.0
(Visualizations Sciences Group, 2009), and a four-step
process was used to isolate articular surfaces in either
Avizo or Geomagic Studio (3D Systems Inc., 2013), as
described by Boyer and Seiffert (2013) and Yapuncich
and Boyer (2014). This method has been demonstrated
to be reliable and repeatable, with error rates lower
than 3% (Yapuncich and Boyer, 2014; Boyer et al., 2015).
Facet surface areas were calculated using the measure-
ment tool in Avizo or Geomagic. Logged values of all
articular surface measurements for both reference and
test specimens are available as Supporting Information.
Surface files for most specimens are available for down-
load from www.MorphoSource.org (Boyer et al., 2014).

Extant primate mean body masses were collected from
published sources (Smith and Jungers, 1997; Rasoazana-
bary, 2010), and non-primate mean body masses were
collected from the AnAge Animal Longevity Database
(Tacutu et al., 2013) or from Smith et al. (2003). When-
ever possible, body mass values from the largest sample
of non-captive populations were used. We used appropri-
ate subspecific means whenever possible; species means
are thus weighted by their subspecific composition. Taxo-
nomic affinities were based on institutional records, but
we attempted to address recent taxonomic revisions by
comparing localities of museum specimens to current
ranges of species recognized by the International Union
for Conservation Nature (IUCN, 2014)2. However, this
practice makes the assumption that recorded localities
accurately reflect the location where the individual was
collected; it is possible some individuals were catalogued
some distance from where they were collected.

Some individuals of unknown sex were included in our
sample (astragalus, n =53; calcaneus, n =34), which
were assigned a sex through comparison with conspe-
cifics of known sex (unknown values closer to known
males were assigned to males, while unknown values
closer to known females were assigned to females). This
source of bias at the individual level is not ideal, but it
is not likely to drastically affect the final regressions,
which were computed using species or sex mean values
of multiple specimens. Only a few species had no sex
information for the entire available sample (astragalus:
7 of 76 [9%], calcaneus: 10 of 80 [13%]). Of these species,
only three in the astragalar sample (Alouatta seniculus,
Chlorocebus aethiops, and Macaca nigra) and six in the
calcaneal sample (Alouatta seniculus, Chlorocebus
aethiops, Macaca nigra, Theropithecus gelada, Pithecia
monachus and Gorilla gorilla) exceeded the dimorphism
threshold we used; female values were utilized for each
of these species.

Body mass regressions

Body masses were natural logarithm-transformed and
plotted against each natural logarithm-transformed facet
measurement. All OLS regressions were calculated in
PAST (Hammer et al., 2001). To evaluate the effect of
sexual dimorphism, regressions were run with the full
euarchontan sample with several different levels of spe-
cies and sex means. A species’ level of sexual dimor-
phism was calculated using Storer’s index (Storer,

2Yapuncich and Boyer (2014) identified Microcebus specimens from
AMNH as Microcebus murinus, but we prefer to recognize them here
as Microcebus griseorufus, following Rasoazanabary (2010).
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1966)—the difference in body mass between males and
females relative to the species’ mean body mass:

(Mean male body mass — Mean female body mass]/
Mean species body mass)*<100 = % sexual dimorphism

This formula differs from the commonly used ratio of
male body mass to female body mass (M/F), which has
been frequently used in other studies of sexual dimor-
phism (e.g., Kappeler, 1990; Ford, 1994). Placing a par-
ticular sex in the denominator suppresses the degree of
difference when that sex is the larger of the two. For
instance, many female callitrichines are larger than
males, and the M/F ratio would under-report the level of
difference between the sexes. Smith (1999) recommends
using the difference between the logarithms of M and F
[InM — InF =1n (M/F)], but notes that “in the narrow
range of dimorphism around equally sized males and
females. . .Storer’s index is almost identical in numerical
value to In(M/F)” (p. 427). Indeed, whether Storer’s
index, M/F, or In(M/F) are used to gauge dimorphism,
the differences between them are minimal for this study.
In the dimorphism partition we eventually utilized, only
two species would be altered. Microcebus griseorufus has
greater than 21% dimorphism by Storer’s index, but is
only 19% dimorphic using the M/F ratio. Pithecia pithe-
cia has 20% dimorphism by Storer’s index, but is 21%
dimorphic using the In(M/F) ratio.

For the first dimorphism regression, all individuals
were included (astragalus, n =217; calcaneus, n = 176).
Next, sex-specific means of body mass and facet areas
were generated for all species (astragalus, n = 108; calca-
neus, n = 102). We then ran a series of regressions with
some taxa represented by overall species means (one
data point per taxon), while others were represented by
sex-specific means (two data points per taxon). We
pooled males and females according to the percentage of
sexual dimorphism the species exhibited. For the first,
males and females were pooled if they exhibited less
than 5% dimorphism, while all taxa with greater than
5% dimorphism were left as sex-specific means (astraga-
lus, n = 98; calcaneus, n = 96). We ran regressions using
cut-offs of 10% (astragalus, n =89; calcaneus, n = 90),
15% (astragalus, n = 84; calcaneus, n = 89), 20% (astrag-
alus, n = 83; calcaneus, n = 85), 25% (astragalus, n = 81,
calcaneus, n =83), 35% (astragalus, n = 80; calcaneus,
n=281), 40% (astragalus, n="78), 50% (calcaneus,
n = 80), 55% (astragalus, n ="77), and 60% dimorphism
(calcaneus, n =80). Though sample size remains the
same for calcaneal regressions at highly dimorphic levels,
we do alter our treatment of species of unknown sex
(Macaca nigra, Theropithecus gelada, and Gorilla gorilla)
from female-only to species means. Finally, regressions
were run using strict species means of body mass and
facet area (astragalus, n = 76; calcaneus, n = 80). As the
sample size decreases, this process reduces the statistical
power of the regression, so strong correlations are less
likely to be statistical artifacts. We chose to perform all
subsequent regressions using the combination of species/
sex means with the highest coefficient of determination
(r?) and lowest mean squared error (MSE).

MR using astragalar articular surface areas were per-
formed in SPSS 19 (IBM Corporation, 2010). Both step-
wise and backwards MR methods were used in our
analysis. Stepwise MR select the independent variable
(one of several included facet areas) that is most highly
correlated with the dependent variable (body mass)
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using the lowest P-value (P;,). This P-value represents
the probability that the independent and dependent var-
iables are not correlated. Stepwise MR incorporates this
independent variable into the regression function, and
then searches among the remaining independent varia-
bles to account for more variance. If other variables
have P-values less than P;, (here P;, =0.05), then the
variable with the lowest remaining P-value is included
in the model. Because P-values for all variables change
as the model changes, it is possible that some previously
included variables will be excised from the model if their
P-values exceeds a particular threshold, or P, (here
P, = 0.10). The process stops when no variables can be
added to or removed from the model. Backward MR
begin with all independent variables included in the
model, then excludes the variable with the highest P-
value greater than P,,. This process stops when no
included variable can be excluded. Because backward
MR begins with all variables included and has a relaxed
threshold for variable exclusion, backward MR models
tend to have more model parameters. However, stepwise
and backward MR methods often converge on the same
model, as they do for many of the groups examined in
this study. More detailed discussions of these algorithms
can be found elsewhere (Mendoza et al., 2006).

Both OLS and MR were performed on several different
taxonomic levels in order to examine the effects of taxo-
nomic inclusivity on prediction power. These groups
include euarchontans, primates, haplorhines, strepsir-
rhines, anthropoids, “prosimians,” platyrrhines, and
catarrhines (see Table 2 and Appendix 1 for sample com-
positions). Principal components analyses were also sep-
arately performed on each of these groups to obtain first
principal components. For the highest taxonomic levels,
only OLS regressions of facet areas were performed.
These groups include Lemuriformes, Lorisiformes, Gala-
gidae, Lorisidae, Lemuridae, Callitrichinae, Atelidae,
Cercopithecoidea, and Hominoidea (Table 2 and
Appendix 1). In our sample, these groups have the great-
est representation of specimens/species, allowing us to
generate more robust prediction equations.

For all regressions, we apply the Quasi-Maximum
Likelihood Estimator (QMLE = exp [MSE/2]) to correct
for bias when de-transforming logged data (Sprugel,
1983; Smith, 1993). Of the multiple correction factors
suggested for de-transforming logged data (including
QMLE, smearing estimate [Duan, 1983], and ratio esti-
mate [Snowdon, 1991]), QMLE has been most widely
used in primate body mass estimation literature (Dag-
osto and Terranova, 1992; Smith, 1993; Delson et al.,
2000; Jungers et al., 2008; Halenar, 2011).

Assessing equation reliability

We tested all equations with a diverse sample of pri-
mates and non-primates (Appendix 1) to gauge the preci-
sion, accuracy, and generality of our regressions. These
specimens were not included in the reference sample
used to generate the prediction equations, with the
exception of the four specimens of Tarsius. For all speci-
mens, we calculated %MPE under each prediction equa-
tion and variable. We also calculated the percentage of
individuals with a PE of less than +20%.

PRESS is a summary metric of the fit of a particular
model to observations not included in that model (Allen,
1974). To calculate PRESS, an observation is dropped
from the dataset, an OLS line is fit to the remaining
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variables, and the original observation is predicted using
those regression parameters. The errors of all observa-
tions are summed and squared. The root mean squared
prediction error (PRESS RMSE) compensates for
increasing sample size:

PRESS RMSE = /(PRESS/n)

JMP 11.0 (SAS Institute, 2013) was used to calculate
PRESS and PRESS RMSE of the combined reference
and test datasets (Table 2 and Appendix 1).

Comparison to other body mass prediction
equations

The %MPE of our prediction equations were compared
to previously published body mass prediction equations
based on tarsal (Dagosto and Terranova, 1992) or dental
measurements (Gingerich et al., 1982; Conroy, 1987;
Legendre, 1989). On the test sample (Appendix 1), we
took linear measures of the astragalus and calcaneus as
described by Dagosto (1986). Linear measures of the first
and second lower and upper molars were taken on the
majority of the same specimens (n = 92), with the remain-
der (n = 18) comprised of averages of at least three other
individuals of that species. Any measures rejected in the
original studies as unreliable were not included, and pre-
diction errors were calculated using body masses listed in
the original studies for all possible species. Though our
reported prediction errors for these equations may be the
result of measurement error, we adhered as closely as
possible to the measurement descriptions.

RESULTS
Treatment of sexual dimorphism

Regression statistics for various levels of sex/species
means are presented in Appendix 2. Coefficients of deter-
mination and mean squared error are shown in Figure 2
for EFA, FFA, LTFA, HEAD, CCFA, CEFA as well as the
mean of these six facets. LTFA and HEAD showed high-
est r? values at the “individuals” level. CCFA and CEFA
showed highest 7% values at the “species” level. All other
facets have the highest 7% at the 20% dimorphism level
(which had the second-highest 2 for LTFA, HEAD,
CCFA, and CEFA). Individual-level regressions had the
lowest MSE values for HEAD only. Species-level regres-
sions had the lowest MSE for CEFA only. For LTFA and
MTFA, MSE was lowest at 15% dimorphism. For FFA,
MSE was lowest at 5% dimorphism. The 20% dimorphism
level returned the lowest MSE values for EFA and CCFA.
The 20% dimorphism level also has the second-lowest
MSE for the five other facets (LTFA, FFA, MTFA, HEAD,
and CEFA). Figure 2 shows the “bowed” profile of the
regression statistics of the astragalar facets; coefficients
of determination are highest and MSE is lowest with
around 20% dimorphism averaged into a single species
mean. Due to the broad statistical strength across all fac-
ets at the 20% dimorphism level, we conducted all subse-
quent regressions using species means for species with
<20% dimorphism and sex-specific means for species
with >20% dimorphism.

Body mass regressions from individual facet
areas

Regression equations for estimating body mass are
presented by clade in Table 3. Euarchontan regressions
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Fig. 2. Coefficient of determination (+?) and mean squared
error (MSE) for dimorphism regressions. Because sample size
decreases going from individual data points to species mean,
statistical power decreases going from left to right. [Color figure
can be viewed in the online issue, which is available at wileyon-
linelibrary.com. ]

for all facets are shown in Figure 3 as examples of the
relationship between body mass and facet area. Signifi-
cance (P <0.05) is generally very high across all facets
and levels of taxonomic inclusivity, with the exceptions
of CEFA for lorisids, and FFA and HEAD for atelids,
likely due to small sample sizes within these two fami-
lies. For all taxonomic groups, statistical parameters (%,
%SEE, and MSE) exhibit a consistent pattern, and show
the cuboid facet of the calcaneus and the head articular
surface of the astragalus have the strongest statistical
relationships with body mass. The cuboid facet has the
highest 72 for 9 of the 17 examined groups, including all
of the broadest taxonomic levels. The head articular sur-
face has the highest r2 for 4 of the 17 groups, while EFA
has the highest 7% in three groups. For lemuroids, the
CEFA has the highest r%. The cuboid facet has the low-
est %SEE and MSE for 11 of the 17 examined groups,
including all the broadest taxonomic levels. The head
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articular surface has the lowest #SEE and MSE for 4 of
the 17 groups, while CEFA (lemuroids) and EFA (lori-
sids) account for the remaining two groups.

Accuracy metrics (%MPE and number of individuals
with less than 20% PE) favor slightly different facets
than the precision metrics detailed above (Table 4). Box-
plots of prediction errors are shown in Figure 4 for the
broadest taxonomic groups. Tested with a taxonomically
appropriate sample (euarchontans for the euarchontan
regression, primates for the primate regression, anthro-
poids for the anthropoid regression, etc.), FFA had the
lowest %MPE for six groups, CEFA for four groups,
HEAD and EFA for three groups each, and CCFA for
one group. Among the astragalar facets, HEAD has pre-
diction errors of less than =20% for a majority of the
test specimens in 13 of 17 examined groups, FFA in 11
of 17, LTFA in 10 of 17, EFA in 9 of 17, and MTFA in 8
of 17 groups. For the calcaneal facets, the cuboid facet
has prediction errors of less than =20% for the majority
of the test specimens in 10 of 17 groups and the calca-
neal ectal facet in 9 of 17 groups. While CCFA is a pre-
cise predictor (gauged by r?, %SEE, and MSE), it is a
less accurate predictor than several astragalar facets
when evaluated by our test sample. In general, astraga-
lar facets are more accurate predictors among haplor-
hines (i.e, EFA, FFA, or HEAD for haplorhines,
anthropoids, platyrrhines, atelids, callitrichines, catar-
rhines, and hominoids), while calcaneal facets are more
accurate among strepsirrhines (including strepsirrhines,
lemuroids, lemurids, lorisoids, and galagids).

Using the combined reference and test datasets,
PRESS and PRESS RMSE closely tracked precision met-
rics (r>, %SEE, and MSE). The cuboid facet and the
astragalar ectal facet are the best predictors using the
PRESS statistics. CCFA had the lowest PRESS and
PRESS RMSE in 6 of 17 groups, including within
Euarchonta and Primates. EFA had the lowest PRESS
and PRESS RMSE in five groups. For the remaining six
groups, PRESS and PRESS RMSE were lowest in the
head articular surface regression (platyrrhines and cer-
copithecoids), CEFA (strepsirrhines and lemuroids),
LTFA (galagids), and MTFA (atelids).

Precision statistical parameters, prediction error, and
PRESS are in stronger agreement about the single worst
facet for estimating body mass. The medial tibial facet is
an imprecise predictor: it has the lowest 72 and the high-
est %SEE and MSE for 11 of 17 groups. MTFA is also an
inaccurate predictor, with the highest %MPE, PRESS,
and PRESS RMSE for 13 groups. No other facet per-
forms poorly in more than two groups. EFA is a poor
predictor for prosimians (lowest r°, highest %#SEE, MSE,
PRESS, and PRESS RMSE) and lorisoids (lowest r2,
highest %SEE and MSE). The fibular facet is a poor pre-
dictor for lemuroids (lowest 72, highest %SEE and MSE),
while CEFA is a poor predictor for lorisids and cercopi-
thecoids (lowest r2, highest %SEE and MSE), and the
head articular surface is a poor predictor for atelids
(lowest r2, highest %SEE and MSE).

Body mass regressions from principal
components analyses

Principal components analyses were performed on the
most inclusive taxonomic levels using astragalar facet
areas. Log-transformed body mass was regressed against
PC1 scores calculated from both the correlation and
covariance matrices. Regression statistics and PC1
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TABLE 3. Body mass prediction equations for individual facets

G.S. YAPUNCICH ET AL.

Sample Variable n  Slope  Slope 95% CI  Intercept Int 95% CI P r? %SEE MSE QMLE
Euarchonta LTFA 83 1.347 (1.284, 1.409) 1.926 (1.653, 2.205) sk 0.964 39.721 0.109 1.058
EFA 83 1.261 (1.206, 1.314) 3.388 (3.174, 3.601) o 0.964 40.198 0.111  1.059
FFA 83 1.279 (1.224, 1.337) 3.477 (3.256, 3.676) ek 0.966 38.950 0.106 1.056
HEAD 83 1.425 (1.371, 1.480) 1.341 (1.096, 1.594) - 0.971 35574 0.090 1.047
MTFA 83 1.344 (1.253, 1.439) 3.487 (3.192, 3.781) sk 0.926 62.120 0.228 1.124
CCFA 85 1.307 (1.268, 1.347) 3.450 (3.318, 3.582) wEE 0.981 27.475 0.058 1.030
CEFA 85 1.279 (1.232, 1.326) 3.216 (3.048, 3.383) ek 0.972 34.728 0.087 1.045
Primates LTFA 77 1.376 (1.309, 1.442) 1.782 (1.487, 2.084) ok 0.965 38.393 0.103 1.054
EFA 77 1.259 (1.194, 1.320) 3.389 (3.134, 3.643) s 0.963 39.815 0.109 1.058
FFA 77 1.311 (1.256, 1.368) 3.347 (3.140, 3.539) o 0.970 35.092 0.088 1.046
HEAD 77 1.439 (1.380, 1.501) 1.265 (0.970, 1.538) ek 0.969 35.345 0.089  1.047
MTFA 77 1.415 (1.321, 1.503) 3.226 (2.939, 3.535) ok 0.935 55360 0.189 1.102
CCFA 80 1.319 (1.278,1.361) 3.399 (3.257, 3.540) ol 0.981 27.288 0.057 1.030
CEFA 80 1.293 (1.243, 1.342) 3.154 (2.973, 3.335) o 0.972 33.800 0.083 1.043
Strepsirrhines ~ LTFA 29 1305 (1.186, 1.420) 2.112 (1.638, 2.598) ek 0.943 37.561 0.095 1.052
EFA 29 1.254 (1.124, 1.414) 3.537 (3.043, 3.971) ok 0.913 48564 0.146 1.081
FFA 29 1.359 (1.211, 1.535) 3.220 (2.687, 3.652) s 0.936 40.582 0.108 1.060
HEAD 29 1.351 (1.240, 1.474) 1.473 (0.932, 1.927) wEE 0.955 32.911 0.075 1.041
MTFA 29 1.227 (1.057, 1.367) 3.487 (3.027, 4.016) ek 0.899 53.199 0.169 1.095
CCFA 24 1.361 (1.241, 1.470) 3.272 (2.939, 3.622) wEE 0.959 32.114 0.071 1.040
CEFA 24 1377 (1.235, 1.499) 3.075 (2.700, 3.527) sk 0.949 36.451 0.089 1.049
Haplorhines LTFA 48 1442 (1.362, 1.519) 1.437 (1.054, 1.823) wEE 0.970 36.315 0.092 1.049
EFA 48 1.319 (1.253, 1.380) 3.086 (2.818, 3.361) ek 0.979 29.074 0.062 1.033
FFA 48 1.295 (1.242, 1.350) 3.407 (3.201, 3.600) e 0.975 32.128 0.074 1.040
HEAD 48 1431 (1.355,1.499) 1.382 (1.043, 1.763) ol 0.975 32.837 0.077 1.041
MTFA 48 1.433 (1.332, 1.530) 3.300 (2.957, 3.662) wEE 0.956 44.815 0.131 1.071
CCFA 57 1.299 (1.251, 1.347) 3.481 (3.305, 3.657) o 0.982 25.938 0.051 1.027
CEFA 57 1.310 (1.254, 1.367) 3.036 (2.811, 3.262) ok 0.975 31.078 0.071 1.037
Prosimians LTFA 32 1.364 (1.232, 1.479) 1.842 (1.346, 2.367) sk 0.927 45565 0.132 1.073
EFA 32 1.314 (1.185,1.464) 3.321 (2.839, 3.736) o 0.899 55778 0.184 1.103
FFA 32 1.366 (1.253, 1.498) 3.187 (2.826, 3.526) ek 0.945 38.613 0.100 1.055
HEAD 32 1.385 (1.282, 1.493) 1.315 (0.827, 1.713) s 0.957 33.197 0.077 1.042
MTFA 32 1.273 (1.104, 1.398) 3.325 (2.925, 3.818) s 0.903 53.973 0.175 1.098
CCFA 28 1.380 (1.283, 1.460) 3.211 (2.976, 3.463) wEE 0.965 30.692 0.067 1.036
CEFA 28 1.438 (1.292, 1.551) 2.863 (2.521, 3.275) ok 0.946 38.987 0.101 1.056
Anthropoids LTFA 45 1.395 (1.320, 1.470) 1.683 (1.351, 2.055) e 0.968 33.806 0.081 1.043
EFA 45 1.276 (1.220, 1.322) 3.278 (3.076, 3.522) ok 0.981 25.389 0.049 1.026
FFA 45 1.277 (1.218, 1.331) 3.484 (3.253, 3.712) o 0.970 32.472 0.076  1.040
HEAD 45 1.384 (1.325, 1.437) 1.631 (1.379, 1.941) ek 0.975 29.704 0.065 1.034
MTFA 45 1373 (1.274, 1.454) 3.544 (3.268, 3.897) ok 0.957 39.458 0.106 1.057
CCFA 53 1.263 (1.211, 1.315) 3.632 (3.435, 3.829) e 0.979 24.348 0.046 1.024
CEFA 53 1.266 (1.205, 1.328) 3.235 (2.982, 3.487) wEE 0.971 29.438 0.064 1.034
Lemuroids LTFA 18 1.257 (1.163, 1.410) 2.311 (1.655, 2.692) stk 0.980 22.244 0.036 1.020
EFA 18 1.269 (1.142, 1.470) 3.472 (2.802, 3.885) ok 0.967 29.351 0.059 1.034
FFA 18 1.297 (1.160, 1.517) 3.444 (2.731, 3.868) s 0.957 34.044 0.076 1.044
HEAD 18 1.353 (1.240, 1.519) 1.423 (0.656, 1.885) wEE 0.982 20.703 0.031 1.018
MTFA 18 1.154 (1.035, 1.341) 3.800 (3.171, 4.146) ek 0.965 30.058 0.061 1.035
CCFA 14 1314 (1.226, 1.519) 3.478 (2.822, 3.684) ok 0.978 24.645 0.042 1.025
CEFA 14 1.349 (1.244, 1.419) 3.201 (2.997, 3.468) sl 0.989 17.171 0.022 1.013
Lemurids LTFA 8 1.232 (1.081, 1.795) 2.443 (0.040, 3.051) o 0.958 9.204 0.006 1.004
EFA 8 1.244 (1.123,1.559) 3.568 (2.534, 3.989) ek 0.974 7.043 0.003 1.002
FFA 8 1.130 (0.824, 2.282) 3.925 (0.070, 4.847) o 0.865 16.379 0.017 1.012
HEAD 8 1471 (1.353,1.664) 0.946 (0.072, 1.486) s 0.988 4.644 0.002 1.001
MTFA 8 1.137 (0.845, 2.120) 3.916 (0.624, 4.872) * 0.800 20.557 0.026 1.018
CCFA 7 1149 (0.962, 1.494) 3.985 (2.849, 4.501) sk 0.976 7.822 0.004 1.003
CEFA 7 1.262 (0.924, 1.667) 3.467 (2.036, 4.548) ok 0.956 9.258 0.006 1.004
Lorisoids LTFA 11 1.589 (1.024, 2.110) 1.247 (—0.446, 2.873)  ** 0.762 57.369 0.168 1.108
EFA 11 1.306 (0.306, 1.924) 3.482 (2.221, 5.250) * 0.599 80.408 0.285 1.190
FFA 11 1.534 (0.866, 2.006) 2.782 (1.668, 4.028) sk 0.810 50.151 0.135 1.086
HEAD 11 1.633 (1.051, 2.149) 0.630 (—1.211, 2.467) o 0.826 47.121 0.122 1.077
MTFA 11 1.351 (0.025, 1.877) 3.046 (1.795, 5.820) * 0.605 79.631 0.271 1.177
CCFA 10 1.320 (1.068, 1.704) 3.239 (2.370, 3.823) o 0.873 39.126 0.087 1.056
CEFA 10 1.340 (0.814, 2.011) 3.086 (1.697, 4.320) * 0.747 59.438 0.174 1.115
Galagids LTFA 5 1.654 (1.406, 6.402) 0.648 (-13.030, 1.360)  ** 0.982 17.318 0.015 1.013
EFA 5 1.541 (1.078, 2.468) 2.470 (0.669, 3.110) * 0.978 19.782 0.020 1.016
FFA 5 1.522 (0.885, 2.177) 2.452 (1.117, 3.412) sk 0.977 20.310 0.021 1.017
HEAD 5 1.646 (1.482,2.351) 0.265 (—1.650, 0.670)  ** 0.996 7.409 0.003 1.003
MTFA 5 1.525 (0.528, 2.510) 2.143 (-0.021, 3.900)  * 0.939 34.652 0.053 1.045
CCFA 5 1.397 (1.205, 2.482) 2.877 (0.904, 3.396) * 0.968 24.290 0.028 1.010
CEFA 5 1.523 (1.245, 1.826) 2.386 (1.806, 3.101) sk 0.987 15.225 0.012 1.024
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TABLE 3. Continued

Sample Variable n  Slope  Slope 95% CI  Intercept Int 95% CI P r? %SEE MSE QMLE
Lorisids LTFA 6 1.396 (0.924, 2.158) 2.157 (-0.291, 3.323)  ** 0.885 24.421 0.032 1.024
EFA 6 1.370 (0.848, 1.724) 3.827 (3.071, 4.776) sk 0.934 18.065 0.018 1.014
FFA 6 1.360 (0.738,2.171) 3.438 (1.574, 4.551) ok 0.878 25.355 0.034 1.026
HEAD 6 1.346 (0.634, 2.293) 1.842 (—-1.280, 4.156)  * 0.809 32.515 0.053 1.040
MTFA 6 1.368 (0.946, 6.049) 3.444 (—17.413,4.127)  ** 0.842 29.397 0.044 1.034
CCFA 5 1.078 (0.513, 2.393) 3.938 (1.840, 5.330) * 0.889 27.399 0.035 1.030
CEFA 5 1.064 (—0.810, 2.32) 3.961 (1.938, 8.472) 0.082 0.689 50.203 0.099 1.086
Platyrrhines LTFA 28 1.242 (1.150, 1.327) 2.224 (1.896, 2.594) wEE 0.963 24.140 0.043 1.024
EFA 28 1.224 (1.123,1.297) 3.398 (3.164, 3.756) wEE 0.967 22.475 0.038 1.021
FFA 28 1.290 (1.165, 1.397) 3.431 (3.129, 3.819) wEE 0.941 31.006 0.068 1.037
HEAD 28 1.291 (1.202, 1.361) 1.953 (1.663, 2.338) el 0.966 23.204 0.040 1.022
MTFA 28 1.360 (1.156, 1.492) 3.571 (3.244, 4.184) o 0.916 37.509 0.094 1.052
CCFA 33 1.213 (1.135, 1.292) 3.738 (3.493, 3.983) ok 0.970 22.010 0.037 1.020
CEFA 33 1.255 (1.165, 1.344) 3.234 (2.929, 3.539) wEE 0.964 24.448 0.045 1.024
Atelids LTFA 6 0.655 (—0.286,1.163) 5.376 (2.683, 10.050) * 0.671 16.158 0.015 1.011
EFA 6 0.868 (0.392, 1.556) 5.009 (1.954, 6.957) * 0.685 15.822 0.014 1.011
FFA 6 0.515 (—0.452,1.267) 6.711 (3.842, 10.720) 0.248 0.314 24.227 0.031 1.024
HEAD 6 0.843 (0.242, 1.849) 4.376 (—-0.833,7.596) 0.113 0.505 20.200 0.023 1.017
MTFA 6 0.725 (0.135, 1.100) 6.159 (4.736, 8.154) * 0.682 15913 0.015 1.011
CCFA 8 0.821 (0.506, 1.135) 5.457 (4.158, 6.755) * 0.872 10.342 0.007 1.005
CEFA 8 0.852 (0.381, 1.322) 5.086 (3.012, 7.160) * 0.766 14.212 0.013  1.009
Callitrichines LTFA 8 1.200 (1.001, 2.328) 2.413 (-1.127,2.881)  ** 0.907 18.902 0.022 1.015
EFA 8 1.047 (0.834, 1.960) 3.836 (1.757, 4.162) * 0.894 20.056 0.025 1.017
FFA 8 1.053 (0.698, 2.252) 3.931 (1.409, 4.448) * 0.817 27.580 0.045 1.030
HEAD 8 1.185 (0.991, 2.150) 2.340 (—0.843, 2.830)  ** 0.921 17.981 0.021 1.014
MTFA 8 0.830 (0.419, 1.536) 4.516 (3.046, 5.058) * 0.776 31.772 0.058 1.039
CCFA 8 1.139 (0.969, 1.896) 3.935 (2.367, 4.190) ek 0.894 21.890 0.029 1.020
CEFA 8 1.107 (0.875, 1.915) 3.607 (1.650, 4.042) * 0.854 26.182 0.041  1.027
Catarrhines LTFA 17 1381 (1.150, 1.616) 1.879 (0.477, 3.215) ok 0.921 38.052 0.092 1.053
EFA 17 1195 (1.076, 1.342) 3.750 (2.980, 4.373) wEE 0.957 26.737 0.050 1.028
FFA 17 1.197 (1.005, 1.392) 3.888 (2.890, 4.868) ol 0.928 35.818 0.083 1.048
HEAD 17 1.303 (1.117,1.511) 2.187 (0.944, 3.278) o 0.934 34.081 0.076 1.044
MTFA 17 1.366 (1.104, 1.603) 3.583 (2.487, 4.731) ok 0.892 45586 0.124 1.073
CCFA 20 1.168 (1.024, 1.311) 4.145 (3.469, 4.822) wEE 0.942 24.707 0.044 1.025
CEFA 20 1.100 (0.922, 1.278) 4.125 (3.231, 5.019) ok 0.903 32948 0.073 1.041
Cercopithecoids LTFA 9 1.284 (1.103, 1.859) 2.236 (-0.665, 3.251)  *** 0.920 15.251 0.016 1.010
EFA 9 1.181 (0.955, 2.120) 3.742 (-0.219, 4.806)  ** 0.871 19.629 0.025 1.016
FFA 9 1.091 (0.786, 2.488) 4.252 (—1.465, 5.645)  * 0.767 27.296 0.045 1.030
HEAD 9 1333 (1.123, 1.853) 1.899 (—0.728, 3.013) 0.932 14.035 0.013 1.009
MTFA 9 1131 (0.875,1.981) 4.355 (1.043, 5.505) * 0.845 21.680 0.030 1.019
CCFA 13 1.246 (0.873, 1.619) 3.845 (2.257, 5.434) sk 0.831 27.195 0.049 1.029
CEFA 13 1.260 (0.754, 1.766) 3.424 (1.124, 5.723) ok 0.732 35389 0.078 1.047
Hominoids LTFA 8 1.169 (0.776, 1.528) 3.333 (1.124, 5.777) s 0.902 42.708 0.095 1.065
EFA 8 1.083 (0.803, 1.359) 4.443 (2.913, 6.077) o 0.941 31.646 0.057 1.039
FFA 8 1.069 (0.666, 1.378) 4.681 (3.007, 6.913) ok 0.906 41.698 0.091 1.063
HEAD 8 1.102 (0.796, 1.423) 3.592 (1.566, 5.543) sk 0.926 36.166 0.071  1.049
MTFA 8 1.157 (0.743, 1.696) 4.792 (2.060, 6.907) * 0.871 50.597 0.126  1.087
CCFA 7 1323 (1.039, 1.608) 3.242 (1.695, 4.789) o 0.966 17.843 0.019 1.014
CEFA 7 1.147 (0.722, 1.571) 3.808 (1.353, 6.262) ok 0.906 31492 0.054 1.038

Significance: ***P < 0.0001, **P < 0.001, *P < 0.05.

Bold numbers indicate most precise regressions by a particular metric, italicized numbers indicate least precise regressions.

loadings are shown in Table 5. Significance of the slope
is uniformly high, with P <0.0001 for all 16 regressions.
The precision statistics of the PC1 regressions fail to
support the superiority of this multivariate approach
over a univariate one, as the coefficients of determina-
tion, %SEEs, MSEs all fall within the range of the single
facet regressions. There are no PC1 regressions that are
more precise predictors than the best of the individual
facet regressions. In addition, PC1 regressions are gen-
erally not more accurate than individual facet regres-
sions. Prediction errors and PRESS statistics for PC1
regressions are shown in Table 7. PC1 regressions have
lower MPEs than the individual facets for catarrhines
only. PRESS statistics for PC1 regressions are not appre-
ciably different than the individual facet regressions.
Finally, while PC1 regressions are not great predictors,

PC1 COVA performs better than PC1 CORR (though the
differences are very slight).

The loadings of each facet onto the first principal com-
ponent are informative and reveal consistent patterns.
For five of the eight regressions using the covariance
matrix, EFA (a good predictor as an individual facet) has
the highest loading onto PC1 including the euarchontan,
primate, anthropoid, platyrrhine, and catarrhine regres-
sions. MTFA (a poor predictor as an individual facet)
has the highest PC1 loading for both strepsirrhines and
prosimians. For haplorhines, FFA has the highest PC1
loading, while EFA has the second highest. Regressions
utilizing the correlation matrix show less distinction
between facets in their loadings overall. However, LTFA
and HEAD have or share the highest loadings for seven
of the eight PC1 CORR regressions.
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Fig. 3. Body mass prediction equations for euarchontans. Scatterplots of In-transformed body mass against In-transformed vari-
ables. A: Fibular facet area, (B) medial tibial facet area, (C) lateral tibial facet area, (D) astragalar ectal facet area, (E) head artic-
ular surface area, (F) calcaneal ectal facet area, and (G) cuboid facet area. Regression confidence intervals indicated by shaded
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TABLE 4. Prediction errors and PRESS for individual facets

Sample Variable n %MPE %PE range PE <20% PRESS PRESS RMSE
Euarchonta LTFA 35 26.45 0.56-63.52 43 8.771 0.318
EFA 35 27.71 0.14-94.50 46 9.469 0.330
FFA 35 24.95 0.44-76.90 49 8.132 0.306
HEAD 35 23.60 2.99-65.39 51 7.120 0.286
MTFA 35 45.58 0.44-183.12 31 19.912 0.478
CCFA 38 26.04 0.13-97.29 37 5.230 0.248
CEFA 37 27.09 1.46-59.05 49 7.672 0.300
Primates LTFA 33 25.52 0.03-71.49 45 7.594 0.306
EFA 33 29.55 1.37-95.25 42 8.682 0.327
FFA 33 20.97 2.04-56.88 52 5.983 0.272
HEAD 33 23.37 1.16-71.36 48 6.477 0.283
MTFA 33 42.73 2.39-111.71 27 14.882 0.429
CCFA 35 26.43 0.67-62.04 40 4.794 0.245
CEFA 34 25.43 0.18-57.50 44 7.035 0.297
Strepsirrhines LTFA 13 22.30 1.24-57.04 62 2.968 0.332
EFA 13 30.86 7.34-66.36 46 4.561 0.411
FFA 13 26.79 3.70-52.14 31 2.913 0.328
HEAD 13 22.60 4.05-54.33 54 2.538 0.307
MTFA 13 35.66 4.49-70.13 46 5.539 0.453
CCFA 14 22.51 3.52-54.55 43 1.844 0.272
CEFA 13 19.53 2.14-41.10 57 1.628 0.260
Haplorhines LTFA 20 28.59 3.01-63.14 40 4.257 0.281
EFA 20 30.14 3.12-64.30 25 3.362 0.250
FFA 20 18.18 2.64-58.21 60 3.324 0.248
HEAD 20 20.41 0.90-57.06 55 3.622 0.259
MTFA 20 38.30 0.53-96.17 35 7.248 0.367
CCFA 21 28.23 3.17-55.80 33 3.159 0.235
CEFA 21 26.31 0.88-71.45 33 4.428 0.279
Prosimians LTFA 17 30.23 1.17-65.50 35 4.517 0.388
EFA 17 37.86 7.34-76.62 29 6.173 0.454
FFA 17 22.87 5.03-50.69 47 2.896 0.311
HEAD 17 20.16 1.77-54.01 59 2.742 0.302
MTFA 17 39.26 6.94-67.22 29 6.158 0.453
CCFA 18 23.31 3.27-52.63 33 1.922 0.257
CEFA 17 22.42 1.96—46.80 44 2.201 0.280
Anthropoids LTFA 16 21.86 1.82-47.60 50 3.360 0.257
EFA 16 24.99 3.25-61.75 44 2.436 0.219
FFA 16 18.59 1.70-56.81 63 3.195 0.250
HEAD 16 21.37 3.39-40.71 44 2.760 0.233
MTFA 16 31.63 1.63-99.25 50 5.707 0.335
CCFA 17 24.18 4.07-52.79 53 2.597 0.221
CEFA 17 22.94 0.81-68.22 47 3.718 0.265
Lemuroids LTFA 6 8.14 2.23-16.70 100 0.545 0.185
EFA 6 7.91 1.99-25.21 83 0.776 0.220
FFA 6 17.60 0.80-36.78 50 1.044 0.255
HEAD 6 13.54 1.63-36.26 67 0.619 0.197
MTFA 6 11.51 1.90-23.21 83 1.225 0.277
CCFA 6 17.13 2.15-31.87 50 0.841 0.237
CEFA 5 7.41 1.14-18.98 100 0.336 0.155
Lemurids LTFA 4 5.73 1.15-9.92 100 0.089 0.105
EFA 4 3.54 1.15-5.81 100 0.025 0.056
FFA 4 10.50 1.93-26.70 75 0.261 0.181
HEAD 4 12.66 7.23-25.20 75 0.037 0.068
MTFA 4 9.67 2.53-17.91 100 0.356 0.211
CCFA 4 4.21 2.36-18.65 100 0.097 0.110
CEFA 3 1.24 0.98-1.56 75 0.070 0.100
Lorisoids LTFA 7 33.15 2.837-47.21 29 3.251 0.544
EFA 7 42.62 3.11-61.28 14 5.228 0.689
FFA 7 33.65 14.34-46.39 29 2.744 0.499
HEAD 7 30.27 7.90-49.76 29 2.475 0.474
MTFA 7 54.34 41.80-64.19 29 5.254 0.691
CCFA 8 24.52 2.18-51.46 63 0.096 0.309
CEFA 8 28.27 11.30-43.26 38 1.327 0.364
Galagids LTFA 4 13.41 10.22-17.75 100 0.083 0.129
EFA 4 10.97 3.77-18.01 100 0.089 0.134
FFA 4 9.48 0.46-17.34 100 0.350 0.264
HEAD 4 17.58 7.94-24.75 50 0.085 0.131
MTFA 4 17.71 11.63-22.05 75 0.360 0.268
CCFA 4 15.21 3.11-34.40 75 0.281 0.217
CEFA 4 8.90 3.42-14.26 100 0.143 0.154
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TABLE 4. Continued
Sample Variable n %MPE %PE range PE <20% PRESS PRESS RMSE
Lorisids LTFA 3 18.18 13.41-25.85 67 0.265 0.210
EFA 3 11.09 1.70-27.36 67 0.133 0.149
FFA 3 31.63 23.47-43.97 0 0.290 0.220
HEAD 3 13.91 5.35-23.41 67 0.501 0.289
MTFA 3 12.62 4.62-18.61 75 0.369 0.248
CCFA 4 18.60 2.55-36.29 50 0.181 0.213
CEFA 4 26.64 2.06-40.60 25 0.210 0.229
Platyrrhines LTFA 9 28.77 0.71-70.51 33 1.489 0.223
EFA 9 25.95 0.22-77.58 56 1.361 0.213
FFA 9 20.69 1.41-57.82 44 2.054 0.262
HEAD 9 18.42 2.06-51.22 56 1.175 0.198
MTFA 9 33.47 4.09-70.64 44 3.111 0.322
CCFA 9 21.99 5.94-37.09 44 1.456 0.207
CEFA 9 20.96 3.21-37.17 56 1.725 0.225
Atelids LTFA 4 22.11 13.79-30.07 50 0.314 0.198
EFA 4 20.23 0.83-47.18 50 0.359 0.212
FFA 4 9.32 6.01-16.35 100 0.289 0.190
HEAD 4 11.58 2.19-27.05 75 0.312 0.197
MTFA 4 11.12 3.13-19.55 100 0.186 0.152
CCFA 4 24.57 19.44-34.16 25 1.008 0.290
CEFA 4 24.52 10.44-33.35 25 1.142 0.308
Callitrichines LTFA 4 22.71 15.98-31.14 25 0.761 0.308
EFA 4 21.48 13.95-36.19 75 0.805 0.317
FFA 4 15.19 1.29-28.52 50 1.700 0.461
HEAD 4 19.49 3.01-26.30 25 0.575 0.268
MTFA 4 28.34 15.65-51.94 50 1.835 0.479
CCFA 4 17.61 3.12-26.44 50 0.443 0.235
CEFA 4 15.23 6.09-28.36 75 0.543 0.261
Catarrhines LTFA 7 14.83 4.83-30.84 71 1.460 0.264
EFA 7 14.64 0.64-28.46 71 0.968 0.215
FFA 7 18.94 8.29-34.94 57 1.486 0.266
HEAD 7 15.40 0.20-34.06 57 1.340 0.253
MTFA 7 29.41 5.11-95.50 57 3.124 0.386
CCFA 8 11.13 1.85-28.42 88 1.057 0.230
CEFA 8 16.45 4.94-45.23 75 1.870 0.306
Cercopithecoids LTFA 4 22.34 8.63-33.15 50 0.330 0.159
EFA 4 26.69 15.48-38.81 25 0.543 0.204
FFA 4 12.50 3.32-27.66 75 0.670 0.227
HEAD 4 17.60 4.91-29.36 75 0.284 0.148
MTFA 4 34.51 19.45-61.08 25 0.830 0.253
CCFA 4 16.29 0.40-30.41 50 0.967 0.254
CEFA 4 17.01 0.72-39.46 75 1.511 0.317
Hominoids LTFA 4 23.47 13.31-40.99 50 1.217 0.390
EFA 4 14.34 9.28-16.94 75 0.605 0.275
FFA 4 23.81 15.00-37.62 50 1.234 0.393
HEAD 4 26.10 14.77-36.76 25 1.014 0.356
MTFA 4 46.22 33.81-66.26 0 2.120 0.515
CCFA 4 19.61 2.49-50.16 50 0.837 0.346
CEFA 4 22.64 0.71-40.24 75 2.074 0.544

Bold numbers indicate most accurate regressions by a particular metric, italicized numbers indicate least accurate regressions.

Multiple regression models

Both stepwise and backward MR were performed on
the most inclusive taxonomic groups using the five
astragalar facets. Regression statistics and included var-
iables are shown in Table 6. Significance for all models
is high, with P <0.0001 for all regressions. Stepwise and
backward methods converge on the same models for pri-
mates (FFA, MTFA, HEAD), haplorhines (EFA, FFA),
anthropoids (EFA), and platyrrhines (EFA). The ectal
facet of the astragalus is included in 12 of the 16 models,
the fibular facet and head articular surface in 8 of 16,
and the medial tibial facet in 3 of 16 models. The lateral
tibial facet is not included in any of the multiple regres-
sion models.

Judged by precision statistical parameters (r?>, %SEE,
MSE), multiple regression models are improvements over
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individual facet regressions for three groups: strepsir-
rhines, prosimians and catarrhines. The backward MR
model for strepsirrhines (comprised of EFA, FFA, and
HEAD) has higher r2, and lower %SEE and MSE than
any individual facet regression. For prosimians, both the
stepwise (EFA and HEAD) and backward (EFA, FFA, and
HEAD) multiple regression models have higher coeffi-
cients of determination and lower %SEEs and MSEs than
any individual facet regression. Finally, the backward MR
model for catarrhines (EFA and FFA) has higher 7%, and
lower %SEE and MSE values than any individual facet
regression. These three cases appear to be clear improve-
ments on the individual facet regressions.

Mean prediction errors and %PE ranges for both PC1
and MR models are available in Table 7. PC1 COVA has
prediction errors less than =20% for the majority of the
test sample in five of the eight groups, while PC1 CORR
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Fig. 4. Prediction error boxplots for most inclusive euarchontan groups. Boxes included 25-75% quartiles; whiskers extend to
the farthest points less than 1.5 times the interquartile range; circles indicate outliers. Light shaded area represents <20% abso-
lute prediction error. Dark shaded boxes indicate that the majority of test specimens had <20% absolute prediction error.

has prediction errors less than =20% in four of the eight
groups. Multiple regression models perform similarly by
the same metric: stepwise and backward MR models have
prediction errors less than =20% for the majority of the
test sample in five of eight groups. At the higher and
more inclusive taxonomic levels we tested, %MPE is gen-
erally lower with multivariate techniques. Backward MR
produce the lowest %MPE for euarchontans, primates,
and strepsirrhines, while PC1 of the covariance matrix
produces the lowest %#MPE for catarrhines. Multivariate
techniques have lower PRESS statistics than single facet
regressions for primates and haplorhines (both stepwise
and backward MR models in each group). Table 8 sum-
marizes the best and worst predictors for each group, as
evaluated by all precision and accuracy metrics.

Clade inclusivity and family-level regressions

While individual facets are less accurate predictors
than multivariate methods at high taxonomic levels, they
are accurate for most family/superfamily-level regressions.

All seven individual facets have prediction errors of less
than =20% for the majority of the test specimens within
Lemuridae and Galagidae (Table 4). By the <*=20% PE
metric, all facets but FFA and CEFA are good predictors
within Lorisidae. All facets except LTFA and HEAD are
good predictors for Callitrichinae. All astragalar facets,
but neither of the calcaneal facets, are good predictors for
Atelidae. EFA and MTFA are inaccurate predictors for
Cercopithecoidea. Finally, for Hominoidea, HEAD and
MTFA are inaccurate predictors. Thus, by the <20% PE
metric, the majority of individual facets are good predic-
tors among these families/superfamilies. The effects of
increasingly taxonomically specific regressions can clearly
be seen in Figure 5. For all groups except Hominoidea,
%MPE tends to reduce as regressions become more taxo-
nomically constrained. There is a sharp increase in
9%MPE for cercopithecoids under the catarrhine regres-
sion, but this is driven by high prediction errors gener-
ated by the backward MR model. All individual facets
and other multivariate techniques have moderate %MPEs
and constrained prediction error ranges (Tables 4 and 7).
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TABLE 5. PCI loadings and regression summary statistics

G.S. YAPUNCICH ET AL.

Sample Method Variable Coefficient Slope 95% CI Intercept Int 95% CI P r? %SEE MSE QMLE
Euarchonta Covariance Slope 0.601 (0.576, 0.626) 2.726 (2.504, 2.964) *** 0970 35.858 0.092 1.048
PC1 loadings FFA 0.467
MTFA 0.432
LTFA 0.443
EFA 0.472
HEAD 0.420
Correlation  Slope 0.602 (0.577, 0.626) 2.698 (2.482,2.930) *** 0.970 35.953 0.092 1.048
PC1 loadings FFA 0.448
MTFA 0.445
LTFA 0.448
EFA 0.447
HEAD 0.448
Primates Covariance Slope 0.613 (0.586, 0.640) 2.603 (2.364, 2.843) *** (0.972 33.436 0.081 1.042
FFA 0.465
MTFA 0.420
LTFA 0.442
EFA 0.482
HEAD 0.424
Correlation  Slope 0.614 (0.586, 0.640) 2.573 (2.335,2.831) *** 0.972 33.552 0.082 1.043
FFA 0.448
MTFA 0.445
LTFA 0.448
EFA 0.447
HEAD 0.448
Strepsirrhines Covariance Slope 0.588 (0.530, 0.646) 2.744 (2.258, 3.216) *** (0.943 38.075 0.097 1.053
FFA 0.428
MTFA 0.464
LTFA 0.449
EFA 0.459
HEAD 0.436
Correlation  Slope 0.588 (0.528, 0.647) 2.732 (2.241, 3.200) *** 0.943 37.889 0.096 1.053
FFA 0.447
MTFA 0.446
LTFA 0.449
EFA 0.447
HEAD 0.448
Haplorhines Covariance Slope 0.621 (0.589, 0.650) 2.545 (2.273, 2.848) *** (0978 30.370 0.066 1.036
FFA 0.477
MTFA 0.426
LTFA 0.428
EFA 0.470
HEAD 0.432
Correlation  Slope 0.622 (0.589, 0.652) 2.516 (2.239, 2.817) *** 0.978 30.553 0.067 1.036
FFA 0.447
MTFA 0.446
LTFA 0.448
EFA 0.448
HEAD 0.448
Prosimians Covariance Slope 0.609 (0.556, 0.659) 2.567 (2.147,2.970) *** 0.942 39.909 0.106 1.058
FFA 0.442
MTFA 0.464
LTFA 0.441
EFA 0.449
HEAD 0.440
Correlation  Slope 0.608 (0.557, 0.661) 2.558 (2.143,2.976) *** 0.942 39.782 0.105 1.058
FFA 0.446
MTFA 0.447
LTFA 0.448
EFA 0.447
HEAD 0.448
Anthropoids Covariance Slope 0.603 (0.575, 0.627) 2.735 (2.503, 3.004) *** 0.977 27.851 0.058 1.031
FFA 0.469
MTFA 0.432
LTFA 0.428
EFA 0.472
HEAD 0.434
Correlation  Slope 0.603 (0.572, 0.629) 2.711 (2.475, 3.007) *** 0.977 27.951 0.058 1.031
FFA 0.447
MTFA 0.446
LTFA 0.447
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TABLE 5. Continued
Sample Method Variable Coefficient Slope 95% CI Intercept Int 95% CI P r? %SEE MSE QMLE
EFA 0.448
HEAD 0.448
Platyrrrhines Covariance Slope 0.579 (0.527,0.613) 2.844  (2.587,3.290) *** 0964 23.773 0.042 1.023
FFA 0.440
MTFA 0.409
LTFA 0.465
EFA 0.472
HEAD 0.448
Correlation  Slope 0.580 (0.530, 0.617)  2.853 (2.580, 3.261) *** 0.963 23.950 0.043 1.023
FFA 0.447
MTFA 0.444
LTFA 0.449
EFA 0.448
HEAD 0.449
Catarrhines Covariance Slope 0.578 (0.499, 0.671)  3.069  (1.948,4.009) **+ (0937 33.227 0.073 1.042
FFA 0.479
MTFA 0.409
LTFA 0.414
EFA 0.488
HEAD 0.442
Correlation  Slope 0.579 (0.501, 0.671) 3.030 (1.938, 3.965) *** 0.936 33.539 0.074 1.043
FFA 0.447
MTFA 0.445
LTFA 0.448
EFA 0.448
HEAD 0.448

Bold numbers indicate facets with highest loadings on PC1.

Significance: ***P < 0.0001, **P < 0.001, *P < 0.05.

For some groups, such as callitrichines, lemurids, and
cercopithecoids, there is only slight improvement at
lower taxonomic levels. However, for other groups,

hominoid sample,

TABLE 6. Multiple regression summary statistics

particularly Galagidae, the effect is striking. For the
%MPE decreases with increasing
exclusivity until the catarrhine regression, and then

Sample Method Variable Coefficient  Slope 95% CI ~ Intercept  Int 95% CI P r?  %SEE MSE QMLE
Euarchonta Stepwise HEAD 0.912  (0.586, 1.238) 2.053  (1.552,2.554)  *** 0.974 33.223 0.093 1.042
EFA 0.462  (0.172, 0.751)
Euarchonta Backward FFA 0.686  (0.369, 1.003) 1.777  (1.212,2.341) ¢ 0.977 30.797 0.070 1.037
MTFA -0.469  (—0.744, —0.193)
HEAD 1.148  (0.782, 1.514)
Primates Stepwise FFA 0.743  (0.420, 1.066) 2.010  (1.404, 2.617) *** 0.976 30.381 0.069 1.036
HEAD 0.945  (0.528, 1.361)
MTFA -0.316  (—0.631, —0.002)
Primates Backward FFA 0.743  (0.420, 1.066) 2.010  (1.404, 2.617) *** 0.976 30.381 0.069 1.036
MTFA —0.316  (0.528, 1.361)
HEAD 0.945 (-0.631, —0.002)
Strepsirrhines Stepwise HEAD 1.356  (1.244, 1.468) 1.458  (1.016, 1.899)  *** (0.957 32.344 0.073 1.040
Strepsirrhines Backward FFA 0.586  (—0.063, 1.235) 0.979  (—0.133, 2.091) *** 0.965 28.738 0.060 1.032
EFA -0.768 (—1.474, —0.063)
HEAD 1.593  (0.845, 2.342)
Haplorhines  Stepwise EFA 0.846  (0.389, 1.302) 3.183  (2.949, 3.418)  *** (0.981 27.562 0.057 1.030
FFA 0.470  (0.022, 0.918)
Haplorhines = Backward EFA 0.846  (0.389, 1.302) 3.183  (2.949, 3.418) **¥* (0.981 27.562 0.057 1.030
FFA 0.470  (0.022, 0.918)
Prosimians Stepwise HEAD 2.009  (1.452, 2.566) 0463  (—0.370, 1.297) *** 0.965 29.757 0.064 1.035
EFA —0.610 (—1.150, —0.070)
Prosimians Backward FFA 0.517  (—0.011, 1.045) 1.043  (0.051,2.034) *** 0.969 27.653 0.056 1.030
EFA —0.681 (—1.201, —0.160)
HEAD 1.565  (0.867, 2.264)
Anthropoids  Stepwise EFA 1.276  (1.220, 1.322) 3.278  (3.076, 3.522)  *** (0.981 25.389 0.049 1.026
Anthropoids ~ Backward EFA 1.276  (1.220, 1.322) 3.278  (3.076, 3.522)  *** (0981 25.389 0.049 1.026
Platyrrhines  Stepwise EFA 1.224  (1.123, 1.297) 3.398  (3.164, 3.756)  *** 0.967 22.475 0.038 1.021
Platyrrhines  Backward EFA 1.224  (1.123, 1.297) 3.398 (3.164, 3.756)  *** 0.967 22.475 0.038 1.021
Catarrhines Stepwise EFA 1.195 (1.076, 1.342) 3.750  (2.980, 4.373)  *** 0.957 26.737 0.050 1.028
Catarrhines Backward FFA -1.229  (—2.525, 0.068) 3.730  (3.094, 4.366)  *** 0.967 23.146 0.038 1.022
EFA 2.397  (1.123, 3.671)

Significance: ***P < 0.0001,

P <0.001, *P < 0.05.
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TABLE 7. Prediction errors and PRESS for multivariate regressions

Sample Variable n %MPE %PE range PE <20% PRESS PRESS RMSE
Euarchonta PC1 COVA 35 25.74 0.98-56.79 51 7.386 0.291
PC1 CORR 35 25.97 0.92-57.91 49 7.421 0.292
MR Stepwise 35 23.77 0.39-53.43 49 6.468 0.273
MR Backward 35 18.06 0.80-50.43 57 5.365 0.248
Primates PC1 COVA 33 24.19 0.65-56.68 55 5.929 0.271
PC1 CORR 33 24.43 0.35-57.87 55 5.963 0.271
MR Stepwise 33 18.00 0.30-50.80 61 4.770 0.243
MR Backward 33 18.00 0.30-50.80 61 4.770 0.243
Strepsirrhines PC1 COVA 13 24.31 1.31-56.33 46 3.177 0.343
PC1 CORR 13 24.08 1.44-56.17 46 3.156 0.342
MR Stepwise 13 22.52 3.48-54.21 54 2.526 0.306
MR Backward 13 19.32 1.59-52.24 54 1.935 0.268
Haplorhines PC1 COVA 20 22.94 5.94-61.20 60 3.107 0.240
PC1 CORR 20 23.21 5.81-61.81 60 3.149 0.241
MR Stepwise 20 21.59 0.02-62.29 55 2.644 0.221
MR Backward 20 21.59 0.02-62.29 55 2.644 0.221
Prosimians PC1 COVA 17 27.38 3.89-51.95 35 3.691 0.351
PC1 CORR 17 27.20 3.45-51.82 35 3.677 0.350
MR Stepwise 17 29.26 1.55-72.41 35 2.296 0.277
MR Backward 17 26.94 0.95-74.29 41 1.967 0.256
Anthropoids PC1 COVA 16 19.03 4.78-50.69 75 2.447 0.219
PC1 CORR 16 19.19 4.77-50.33 75 2.467 0.220
MR Stepwise 16 25.11 3.12-62.01 44 2.436 0.219
MR Backward 16 25.11 3.12-62.01 44 2.436 0.219
Platyrrhines PC1 COVA 9 23.28 4.16-63.89 44 1.336 0.211
PC1 CORR 9 23.34 4.09-63.71 44 1.345 0.212
MR Stepwise 9 26.19 0.51-78.09 56 1.346 0.212
MR Backward 9 26.19 0.51-78.09 56 1.346 0.212
Catarrhines PC1 COVA 7 8.81 0.69-22.91 86 1.218 0.241
PC1 CORR 7 9.19 0.85-23.14 86 1.246 0.244
MR Stepwise 7 14.59 0.52-28.32 71 0.968 0.215
MR Backward 7 53.89 8.79-112.75 14 1.851 0.297

Bold numbers indicate most accurate regressions by a particular metric, italicized numbers indicate least accurate regressions.

increases. This uptick in predictive inaccuracy may be
due to the effect of locomotor diversity within Hominoi-
dea (e.g., the specialized locomotion of hylobatids vs.
hominids). We will address the interaction between body
mass prediction and locomotor specialization in more
detail below.

Prediction of non-primate body mass

The body masses of 57 non-primate mammals were
predicted using the primate, strepsirrhine, and anthro-
poid regressions, and %MPE were calculated for each
non-primate order (Table 9). With this very broad sam-
ple, it is not surprising that there were only a few
instances when MPE was less than 20%. Predicted from
CCFA, MPE for dermopterans was 12%, 13%, and 11%
using the primate, strepsirrhine, and anthropoid regres-
sions, respectively. The ectal facet of the astralagus had
an MPE under 20% for both scandentians (with primate
and anthropoid regressions) and carnivores (with pri-
mate and strepsirrhine regressions). Other instances of
low %MPE include the head articular surface for scan-
dentians (anthropoid regression) and CEFA for carni-
vores (strepsirrhine regression). Among the multivariate
regressions, only the anthropoid MR Step and MR Back
regressions (both of which utilized only EFA) had MPE
less than 20% for any of the non-primate orders (for
scandentians in both instances). Boxplots showing the
range of prediction errors for the primate regression are
shown in Figure 6.

When %MPE is averaged across all taxonomic groups
(All Non-Primates in Table 9 and Fig. 6), certain facets
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have consistently lower prediction errors. EFA has the
lowest %MPE across all non-primates with each of the
primate, strepsirrhine, and anthropoid regressions.
MTFA has the highest %#MPE across all non-primates
for both the primate and strepsirrhine regressions, and
the second highest %MPE for the anthropoid regression.
Both stepwise and backward regression models perform
poorly, with high %MPE for the primate and strepsir-
rhine samples (both MR models consist of only the ectal
facet for anthropoids, which explains their relatively low
%MPE for that sample). By average rank across the
three regression samples, the best predictors are EFA
(average rank = 1), LTFA (3.33), CEFA (3.67), and CCFA
(4.00). The three worst predictors for all non-primates
are FFA (7.67), HEAD (9.33), and MTFA (10.67).

Comparison to other body mass prediction
equations

For the primate test sample (Appendix 1), we took tar-
sal and dental measurements to compare our prediction
equations to previously published body mass prediction
equations (Gingerich et al., 1982; Conroy, 1987; Legen-
dre, 1989; Dagosto and Terranova, 1992). Any measures
rejected in the original studies as unreliable were not
included, and %MPE was calculated using body masses
listed in the original studies for all possible species.
Each prediction equation was tested only with a taxo-
nomically appropriate sample. For example, Gingerich
et al. (1982) do not include tarsiers in the reference sam-
ple for their all-primate regression, so that equation was
tested with all primates except tarsiers. Bias introduced
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Fig. 5. Range of mean prediction errors for individual facets. Regressions become more taxonomically exclusive from left to
right. Green and blue shaded areas represent the range of means for astragalar and calcaneal facet regressions respectively, and
are shown for lorisids in the upper left. Multiple regression equations were also used to generate range of means, but are not
shown for simplicity. Gray shaded area represents <20% absolute prediction error. EU, euarchontan regression; PR, primate
regression; HA, haplorhines; AN, anthropoids; PL, platyrrhines; CA, catarrhines; Pro, prosimians; ST, strepsirrhines; LE, lemuri-
forms; LO, lorisiforms. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 9. %MPE for non-primates

PC1 PC1 MR MR
Regression Sample n LTFA EFA FFA HEAD MTFA COVA CORR Step Back n CEFA CCFA
Primate Dermoptera 3 23 86 51 79 111 64 64 49 49 2 60 12
Scandentia 12 59 16 74 28 124 48 50 33 33 12 26 26
Lagomorpha 6 61 68 112 203 572 154 159 102 102 4 72 62
Rodentia 20 38 39 99 124 304 80 83 85 85 20 71 90
Eulipotyphla 6 87 34 234 409 1128 208 219 237 237 6 80 60
Carnivora 4 32 13 72 82 69 46 47 77 77 4 38 80
Afrosoricida 6 244 162 385 900 1103 436 451 541 541 6 177 190
All Non- 57 70 50 134 218 443 129 134 136 136 54 70 78
Primates
Strepsirrhine  Dermoptera 3 23 58 52 101 143 64 64 100 98 2 41 13
Scandentia 12 35 26 82 30 102 40 40 30 93 12 25 34
Lagomorpha 6 48 43 114 227 568 154 153 227 343 4 56 65
Rodentia 20 34 35 96 146 326 82 81 145 310 20 53 93
Eulipotyphla 6 66 29 264 380 761 188 189 383 1105 6 78 68
Carnivora 4 32 7 64 121 148 56 57 119 218 4 11 75
Afrosoricida 6 185 127 430 824 803 392 393 832 1627 6 173 212
All Non- 57 54 42 143 222 378 122 122 223 472 54 60 84
Primates
Anthropoid Dermoptera 3 23 105 46 53 75 56 56 106 106 2 59 11
Scandentia 12 70 16 63 20 83 39 39 16 16 12 22 21
Lagomorpha 6 69 85 100 153 439 142 143 86 86 4 70 53
Rodentia 20 40 42 87 93 233 72 73 42 42 20 67 73
Eulipotyphla 6 97 42 200 290 812 186 190 43 43 6 76 46
Carnivora 4 35 21 70 63 48 43 43 21 21 4 42 73
Afrosoricida 6 271 193 333 658 805 392 398 194 194 6 167 148
All Non- 57 78 59 118 160 323 115 117 59 59 54 67 63
Primates

Bold numbers highlight percent mean prediction errors under 20%.

by log-transformation was corrected for by using QMLE
correction factors published by Smith (1993). Correction
factors were not available for the upper and lower sec-
ond molar equations by Gingerich et al. (1982) or the
lower first molar equation published by Legendre (1989).
Table 10 shows %MPE, range of prediction errors, and
the percentage of test specimens with PE less than
+20% for these alternative equations.

Using prediction error as the standard of comparison,
there were relatively few successes among the previously
published regressions. Generally, more taxonomically
restricted prediction equations performed better. Consid-
ering the tarsal-derived prediction equations for strepsir-
rhines (Dagosto and Terranova, 1992), only 3 of the 16
different variables produced PEs of less than =20% for
the majority of the test specimens. These were A2 (width
of astragalar body), IND1 (product of length and width of
the trochlea), and C2 (width of the calcaneus). For lemur-
ids, several linear measures were successful, including Al
(length of the astragalus), A2, A4 (width of the trochlea),
A7 (medial height of the astragalus), and C2. The indices
IND1, INDS (product of length and width of the astraga-
lar ectal facet), and IND4 (product of the length and
width of the calcaneal ectal facet) were also good predic-
tors. Among galagids, the linear measures Al, A3 (proxi-
modistal length of the trochlea), A4, A7, C2, C3
(proximodistal length of calcaneal ectal facet), and C5
(width of the cuboid facet) were good predictors, as was
IND3. No single measurement was a good predictor for
all three groups. Ranges of prediction errors were highly
variable, with very large prediction errors for measures
A81 (length of astragalar ectal facet), A82 (breadth of
astragalar ectal facet), and C6 (height of cuboid facet).
However, indices that used these measurements (IND3
and INDG6: product of the width and height of the cuboid

facet) did not have remarkably high prediction errors.
Though there are several linear tarsal measures that are
good predictors, prediction equations that relied on these
measures resulted in greater overall prediction errors
than the prediction equations generated from articular
surface areas produced for this study. Direct comparisons
of prediction errors for strepsirrhines, lemurids, and gal-
agids are shown in Figure 7.

Dental regressions were less successful than tarsal
measurements when gauged by prediction error. With our
test sample, only the lemurid and galagid dental regres-
sions of Dagosto and Terranova (1992) produced body
masses with prediction errors less than *=20% for the
majority of the test specimens. Lower molars were gener-
ally more accurate than upper molars, which is most evi-
dent in comparisons of %PE values as shown by
Gingerich et al. (1982) equations (Fig. 8). However, upper
first molars for galagids had the lowest %MPE among all
dental prediction equations, and the upper first molar
equations published by Dagosto and Terranova (1992)
were successful for both lemurids and galagids.

DISCUSSION

Our results show tarsal facet areas are reliable predic-
tors of body mass among extant euarchontans, in that
they are statistically precise and produce accurate body
mass predictions in our test sample. They should, there-
fore, generate reasonable body mass predictions among
fossil euarchontans.

Treatment of sexual dimorphism in reference
sample

Many of our regressions (EFA, FFA, and MTFA) had
the strongest statistical relationship when species with
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Fig. 6. Prediction error boxplots for non-primate groups. Boxes included 25-75% quartiles; whiskers extend to the farthest
points less than 1.5 times the interquartile range; open circles indicate outliers. Light shaded area represents <20% absolute pre-

diction error. Note that y-axes are not all to the same scale.

less than 20% dimorphism (as calculated by Storer’s
index) were averaged into a single species mean, while
species with greater than 20% dimorphism were aver-
aged into sex-specific means. If the “all individuals”
method is excluded for inflated statistical strength,
then LTFA also follows this pattern. Although the dif-
ferences in precision statistics between the levels ana-
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lyzed are quite small, the consistency of this pattern
may be biologically meaningful. It suggests that sex dif-
ferences in body mass that average greater than 20%
have a correlative effect on postcranial size, while in
species with less size dimorphism, postcranial differen-
ces may not be detectable between male and female
individuals.
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TABLE 10. Prediction errors for previously published tarsal and dental regressions

Study Sample Variable n %MPE %PE range PE <20%
Dagosto and Strepsirrhines Al 13 81.97 4.72-203.37 23
Terranova, 1992 A2 13 18.50 2.15-50.85 54
A3 13 30.28 6.64-62.66 31
A4 13 38.12 12.36-122.60 31
A7 13 33.22 3.48-90.56 46
A81 13 71.58 45.27-85.88 0
A82 13 377.51 115.26-814.16 0
IND1 13 21.87 0.07-77.62 62
IND3 13 46.06 8.65-137.45 38
C2 14 24.08 6.38-66.19 64
C3 14 37.89 0.31-113.81 36
C4 14 116.04 19.22-382.48 7
C5 14 45.09 11.08-65.37 7
C6 14 311.80 54.48-1084.88 0
IND4 14 62.72 12.55-164.78 14
IND6 14 57.07 0.83-191.47 29
Lemurids Al 4 8.94 3.67-14.35 75
A2 4 17.65 10.61-32.73 75
A3 4 34.74 31.83-37.17 0
A4 4 16.88 4.21-28.72 50
A7 4 12.10 8.45-15.71 75
A81 4 76.51 72.69-82.68 0
A82 4 326.30 270.56-385.19 0
IND1 4 20.16 8.36-31.32 50
IND3 4 10.64 3.97-27.80 75
C2 4 12.25 9.87-18.16 100
C3 4 25.18 14.93-33.37 25
C4 4 108.67 36.21-218.51 0
C5 4 67.77 50.02-79.84 0
C6 4 246.01 97.88-306.09 0
IND4 4 46.02 2.53-97.21 50
IND6 4 40.70 11.22-47.83 25
Galagids Al 4 9.65 1.53-29.25 75
A2 4 22.06 8.32-33.59 25
A3 4 28.02 17.45-42.43 50
A4 4 53.03 2.38-101.21 50
A7 4 20.49 8.97-32.49 50
A81 4 73.89 69.90-77.05 0
A82 4 439.00 301.46-656.94 0
IND1 4 35.16 25.21-49.81 0
IND3 4 14.43 1.30-46.97 75
C2 4 14.45 4.31-34.37 75
C3 4 23.99 3.98-43.52 50
C4 4 162.70 107.88-240.96 0
C5 4 22.89 0.33—41.44 50
C6 4 134.93 96.94-173.92 0
IND4 4 82.85 53.13-124.02 0
IND6 4 38.24 9.78-55.27 25
Dagosto and Strepsirrhines LM1 18 44.44 0.81-137.85 33
Terranova, 1992 UM1 18 44.98 0.38-150.00 22
Lemurids LM1 5 33.68 6.19-90.72 60
UM1 5 43.01 4.80-164.22 60
Galagids LM1 5 17.63 6.30-39.31 60
UM1 5 9.65 1.98-14.20 100
Gingerich et al., 1982 Primates LM1 37 35.61 0.21-94.57 32
(without tarsiers) UM1 37 46.87 2.03-133.43 19
LM2? 37 47.93 1.83-185.79 24
UM2? 37 68.97 5.96-214.23 11
Conroy, 1987 Primates LM1 43 51.20 1.60-177.79 30
Prosimians LM1 24 48.14 8.56-130.09 25
Anthropoids LM1 19 29.00 1.55-71.17 42
Legendre, 1989 Primates LM1? 43 53.21 4.95-182.08 23

Bold numbers indicate best predictors by a particular metric, italicized numbers indicate worst predictors.

2 Correction factors not available.

While our dimorphism partitions provide evidence for
a transition at 20% dimorphism, there is also theoretical
support for such a transition. Finite mixture theory sug-
gests that a population will begin to exhibit bimodality

when its two composite subpopulations (both equally
represented and equally dispersed) are separated by two
standard deviations (o) (Robertson and Fryer, 1969; Tit-
terington et al., 1985). Godfrey et al. (1993) found that
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Fig. 7. Prediction error boxplots for Dagosto and Terranova 1992 tarsal measurements and those of this study. Boxes included
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shaded area represents <20% absolute prediction error. Dark shaded boxes indicate that the majority of test specimens had <20%
absolute prediction error. Y-axes were set to the same scale to facilitate cross-study comparison. Arrows indicate %MPE for varia-

bles beyond scale, and ranges can be found in Table 10.

20 may be a slight overestimation, and that bimodality
can often be detected when subpopulations are separated
by only 1.50. For volumetric measures such as body
mass, Gingerich suggests that ¢ ranges from 0.1 to 0.15
log units in monomorphic, monospecific populations
(Gingerich, 2000, 2009, 2014). Thus, on a logarithmic
scale, a species distribution will begin to exhibit dimor-
phic modality when the difference between male and
female mean body masses exceeds 0.15 (1.55, 6 =0.1) to
0.30 (20, 0 = 0.15) log units. Figure 9 shows the relation-
ship between Storer’s index® and the absolute value of
In(M/F) relative to 20. Assuming o= 0.1, the level of

3We illustrate Storer’s index since that is the measure of dimorphism
we used in this study. However, the transition to bimodality is simple
to find if In(M/F)100 is the measure of dimorphism:
(In(M/F)x100]/[In(M/F)/2c]= 100X2c
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dimorphism we utilized in this study exactly matches the
transition from In(M/F)<2¢ to In(M/F)>2¢. Figure 9 also
shows the distributions of 200 randomly generated male
and female body masses from four species with differing
levels of dimorphism (assuming normal distribution and
o =0.1). As male and female distributions separate, the
difference in their means begins to exceed 20 (repre-
sented by the gray bar). Thus, in species with greater
than 20% dimorphism (such as Gorilla gorilla and
Alouatta seniculus), it would be possible to predict sex-
specific body masses. However, in species with less than
20% dimorphism (such as Saimiri sciureus and Callicebus
donacophilus), male and female distributions overlap too
extensively to discern differences between the sexes.

This may also explain why *=20% has been deemed a
“reasonable” level of prediction error. While this value is
often used (Dagosto and Terranova, 1992; Aiello and
Wood, 1994; Delson et al., 2000; Elliott et al., 2014),
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there is little empirical support for =20% as the cut-off
for prediction error. Delson et al. (2000) arrived at the
figure by examining the variation of cercopithecoids with
associated body masses in their sample, and supple-
menting these observations with data from two Papio
species. For these taxa, associated body masses ranged
from 5% to 20% of the mean body mass, leading them to
conclude that “a reliable estimator [will] be character-
ized by a large percentage of all taxa being predicted to
within 20% of their actual masses” with the warning
that “the specific value used to bound a range of esti-
mates must be determined with respect to the group
under study” (Delson et al., 2000; p. 19). However, if spe-
cies or sex mean values are used as the observed values,
and o =0.1 for volumetric data on a logarithmic scale,
then =20% would cover a range of 40, and prediction
error would test whether or not a predicted body mass
falls within the 95% confidence interval of the observed
(species or sex-specific mean) body mass.

Individual facets as predictors of body mass

While it is difficult to determine a single best pre-
dictor for all the examined groups, as performance
was variable at particular taxonomic levels, there are
three facets that stand out as reliable predictors of
body mass: the fibular and ectal facets of the astraga-
lus, and the cuboid facet of the calcaneus. The cuboid
facet was the most precise predictor of body mass
across all groups (it was the best individual facet in
nine groups). The single most accurate predictor across
all groups (gauged by %MPE and number of test
specimens with PE <+20%) was the fibular facet of
the astragalus (the best individual facet in five
groups). However, gauged by PRESS statistics, the
most accurate predictor of body mass across all groups

is the ectal facet of the astragalus (the best individual
facet in seven groups). Finally, judging by its reliabil-
ity when applied to a non-euarchontan sample, the
ectal facet of the astragalus appears to be the most
general body mass predictor.

The fibular and ectal facets of the astragalus and the
cuboid facet of the calcaneus scale with greater positive
allometry relative to body mass compared to other artic-
ular surfaces (Parr et al., 2011; Gladman and Boyer,
2012; Yapuncich and Boyer, 2014). By three different cri-
teria (precision, accuracy, and generality), these facets
are the best individual predictors of body mass within
euarchontans. This supports the prediction by Yapuncich
and Boyer (2014) that articular surfaces that scale with
strong positive allometry relative to body mass will be
better predictors of body mass than facets that scale iso-
metrically, since positive allometric scaling is biome-
chanically linked to the role of mass-induced force
within the joint. However, the same biomechanical rela-
tionship must hold for these facets to be broadly reliable.
If the scaling relationships are influenced by modal
behavioral tendencies expressed in the reference sample
only (e.g., hind limb dominance as a primate characteris-
tic), these facets will be less reliable predictors of body
mass outside of euarchontans.

Surface curvature also influences the biomechanical
role of a facet in its joint. Both the astragalar ectal facet
and calcaneal cuboid facet are concave ovoid facets
(sensu MacConnaill, 1973). Hamrick (1996) has sug-
gested that concave facets promote joint stability (i.e.,
the ability of a joint to manage loads without displace-
ment) whereas convex facets promote joint mobility (i.e.,
range of motion or degrees of freedom). Concave facets
may be more sensitive to body mass if the mass-induced
force experienced at a joint increases at a faster rate
than muscle-induced force (Yapuncich and Boyer, 2014).
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The reliability of the astragalar ectal and calcaneal
cuboid facets support this hypothesis.

Gauged by %MPE, the fibular facet is an accurate pre-
dictor of body mass, particularly among haplorhine
groups (lowest %MPE in haplorhines, anthropoids, atel-
ids, and callitrichines). Because the fibular facet is usu-
ally a sellar (concavo-convex) facet, its reliability as a
body mass predictor cannot be explained on the same
grounds as the ectal and cuboid facets. Since the weight-
bearing role of the fibula is poorly understood across pri-
mates (Marchi, 2007), collecting data on the transmis-
sion of force through the leg and crurotarsal joint would
be a worthwhile endeavor. In general, the large-bodied
hominoids have more robust fibulae than other primates
(Schultz, 1953), and more arboreal apes (gibbons, orang-
utans, and chimpanzees) have more robust fibulae than
gorillas and humans (Marchi, 2007). Ruff (2003) used
the variability of fibular robusticity (and presumably its
weight-bearing role) within catarrhines to explain why
tibial diaphyseal dimensions were poor predictors of
body mass.

In humans, orthopedic studies have shown the fibula
transmits 6-19% of force in the lower leg, depending on
the amount of force applied (Goh et al., 1992; Wang
et al., 1996 ; Funk et al.,, 2007). The percentage
increases when the foot is everted or dorsiflexed (Takebe
et al., 1984, Funk et al., 2004), and athletes that engage
in quick and frequent turning (i.e., ball game players)
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have more robust fibulae than runners (Marchi and
Shaw, 2011). This might lead to the expectation that pri-
mates with more everted foot postures (anthropoids)
would direct more force through the fibular facet than
those that employ more inverted foot postures (strepsir-
rhines), and may help explain why the fibular facet is a
more accurate predictor among anthropoid groups (low-
est %MPE averaged across hominoids, cercopithecoids,
atelids, and callitrichines) than strepsirrhine groups
(highest %#MPE averaged across lorisids, galagids, and
lemurids). This does not mean that the fibula is not an
important weight-bearing structure among strepsir-
rhines (as suggested by Boyer and Seiffert 2013), only
that the fibular facet is less mass sensitive in strepsir-
rhines than haplorhines.

The worst facet for predicting body mass among
euarchontan groups is much easier to identify: the
medial tibial facet of the astragalus has the lowest preci-
sion and accuracy of all seven variables. As an isolated
variable, we do not recommend using the medial tibial
facet as a predictor of body mass.

Despite its imprecision and inaccuracy as an individ-
ual predictor, MTFA is a component of several high-level
MR models (Table 6), indicating that it does contribute
valuable information about body mass when the refer-
ence sample includes a large amount of phylogenetic or
locomotor diversity. It also has higher precision and
accuracy among certain families, with MPE less than
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20% for lemuroids (11.51%), lemurids (9.67%), galagids
(17.71%), lorisids (12.62%), and atelids (11.12%). Among
extant and fossil primates, the diversity in the size and
shape of the medial tibial facet is recognized for its phylo-
genetic significance (Gebo, 1986, 1988, 1993; Beard et al.,
1988; Dagosto, 1988, 1990; Boyer et al., 2015). Among pri-
mates, a dorsoplantarly shallow facet -characterizes
anthropoids, while dorsoplantar expansion of the medial
tibial facet is more typical among prosimians (Gebo, 1986;
Boyer et al., 2015). The increased area of the medial tibial
facet of prosimians has been linked to a more extensive
medial malleolus and the use of abducted, inverted foot
postures on vertical supports (Dagosto, 1985; Gebo, 1993).
Boyer and Seiffert (2013) suggested that grasping narrow
midline supports while using flexed hindlimb postures
with abducted thighs and inverted feet represents a
major modal difference in strepsirrhine locomotion and
posture affecting the stress environment of the ankle.
This suggestion was supported by Yapuncich and Boyer
(2014), who argued that strepsirrhines may potentially
load the medial margin of the astragalus with mass-
induced forces more heavily than anthropoids, as their
data showed that MTFA scales with strong (and signifi-
cant) positive allometry among lemuroids and with slight
(but insignificant) positive allometry among strepsir-
rhines as a whole. The different patterns of loadings
would be commensurate with the postural differences of
strepsirrhines and anthropoids. The increased loading of
mass-induced forces would also explain why MTFA is an
accurate predictor of body mass among the strepsirrhine
families we have examined here.

The head articular surface performs well for several
groups, and was a component of MR models at high tax-
onomic levels (e.g., Euarchonta, Primates, Prosimians,
Strepsirrhines). It seems to be a more reliable body
mass predictor among strepsirrhines than among haplor-
hines. To some extent, the head articular surface of the
astragalus is a multivariate predictor, as it is a compos-
ite of two facets (discrete in many other mammals, but
contiguous in euarchontans). The added information
may explain the success of the head articular surface
relative to other individual facets.

The lateral tibial facet does not have particularly high
precision, though it is an accurate predictor (Table 8).
This is somewhat surprising, as other researchers have
deemed the mediolateral breadth of the lateral tibial facet
(or width of the tibial trochlea) to be a reliable body mass
predictor for a variety of mammals (Dagosto and Terra-
nova, 1992; Martinez and Sudre, 1995; Tsubamoto, 2014).
Ruff (2003) suggests that the sagittal dimensions of artic-
ular surfaces are more reflective of locomotor mode, while
mediolateral breadths are “locomotor blind” and should
be the preferred predictors of body mass (at least among
catarrhine primates). However, Dagosto and Terranova
(1992) measured both of the mediolateral breadth and
anteroposterior length of the lateral tibial facet (measures
A3 and A4, respectively) in a broad sample of strepsir-
rhines, and found the anteroposterior length of the lateral
tibial facet to be a slightly more accurate predictor of
body mass for taxa not included in the reference sample
(MPE of 27.99% for A3 versus 38.98% for A4). Given the
diversity of foot postures across primates, it seems likely
that the correspondences established by Ruff (2003) for
catarrhines are diminished, rendering LTFA a less effec-
tive body mass predictor.

For strepsirrhines, regressions that use calcaneal facet
areas perform better than those using astragalar values;
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the reverse is true for haplorhines. This may be a conse-
quence of greater degrees of freedom in strepsirrhine
upper ankle joint mobility, and greater diversity in its
loading pattern on both an intra- and interspecific level
(e.g., Dagosto, 1985; Gebo, 2011; Boyer and Seiffert, 2013).

Multivariate vs. univariate regression methods

In general, multivariate predictors perform better
than any of the univariate predictors. However, this
study highlights some limitations of using the first prin-
cipal component of the correlation or covariance matrix
to predict body mass. PCls did not have a stronger sta-
tistical relationship with body mass than individual fac-
ets did, and were not more accurate for any group
except anthropoids (when gauged by test specimens
<*+20% PE) and catarrhines (when gauged by %MPE).
They produced similarly accurate results as single facets
for haplorhines and catarrhines (when gauged by test
specimens <*20% PE). These improvements are mini-
mal given the disadvantages of a principal components
approach. Unlike multiple regression models, principal
components require that all predictor variables are
measurable, an unlikely situation for fossil specimens.
On balance, the strict demands of the principal compo-
nent regressions outweigh the marginal increases of pre-
dictive accuracy in this study.

Our multiple regression models, on the other hand,
are often more precise and/or accurate than individual
facet regressions, particularly at high taxonomic levels
(Table 8). Using phylogenetic least squares regressions,
Yapuncich and Boyer (2014) found that Pagel’s 1
remained significant for facet scaling relationships only
at high taxonomic levels, including euarchontans, prima-
tes, and strepsirrhines, but was not significant within
haplorhines or at lower taxonomic levels. This suggests
that multiple regression improves predictive ability most
in phylogenetically diverse samples where there is a sig-
nificant phylogenetic signal to the trait variation. How-
ever, in this study, MR models are not unequivocally
better than individual facet regressions, as there are
several instances when they are neither more accurate
nor more precise (e.g., among haplorhines, anthropoids,
and platyrrhines).

Multiple regression is clearly a better multivariate
method than principal components regression, as MR
models do not have the strict demands of the PC regres-
sions. Our MR models require at most three facets, and
often reduce down to a single facet (i.e., among anthro-
poids, strepsirrhines, platyrrhines, and catarrhines).
Thus, since MR models improve the precision and accu-
racy of prediction equations, and do not require all vari-
ables to be present, we believe they are a more
pragmatic multivariate technique for predicting body
mass than regressions on the first principal component.

Effects of taxonomic exclusivity

Overall, family-specific regressions tend to predict body
mass better than regressions at higher taxonomic levels
(Fig. 5), but the results vary by family. For instance,
body mass predictions for lemurids do not improve much
beyond the prosimian regression, and %MPE for the
group is low across all regressions and taxonomic levels.
On the other hand, predictions for galagos and lorises
improve markedly at the family level, indicating that
each family’s unique positional behaviors warrant the
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use of taxonomically exclusive regressions. In their exam-
ination of the scaling relationship of the facet area and
body mass, Yapuncich and Boyer (2014) linked the highly
significant non-zero value of Pagel’s /1 in Strepsirrhini to
the high degree of postcranial specialization within the
group, particularly galagids and lorisids. In contrast to
the lorisiform families, lemurids are fairly generalized
arboreal quadrupeds (Gebo, 1987), and more generalized
regression equations perform adequately for the group.
We can conclude that taxonomically specific regressions
are preferable (or necessary) when predictive variables
(e.g., tarsal facets) have become specialized within a
taxon. However, Cuozzo (2001) has shown there is a limit
to how taxonomically restricted reference dataset can
become before it loses predictive power. While our gal-
agid regressions are both precise and accurate, predictive
power is eliminated when restricted to a single genus,
Galagoides (Cuozzo, 2001), which is likely due to the low
correlations of intraspecific scaling patterns (Gould,
1971; Steudel, 1982).

The predictive power of variables can also change
remarkably when comparing phylogenetically broad
regressions to those that are more taxonomically specific.
Facets that generate poor predictions in more inclusive
groups can still generate good predictions within taxo-
nomically restricted groups. For instance, the euarchon-
tan predictive equation based on the ectal facet of the
astragalus has the highest MPE for lorisids (~70%).
However, using the lorisid-specific equation, EFA has
the lowest MPE (~11%) for lorises (Fig. 5). This implies
that the size of the ectal facet has changed dramatically
within the lorisid lineage relative to other primates, and
highlights a possible diagnostic feature for the group.
More generally, a facet can be expected to correlate well
with body mass in any group that exhibits relatively
homogenous positional behaviors, so that the stress envi-
ronment of the skeleton’s joints are broadly uniform
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across taxa, even if that homogeneity is specialized rela-
tive to immediate outgroups. Of course, this assumes
there are no major complications resulting from allomet-
ric consequences of scaling body size under a given syn-
drome of positional behaviors (e.g., leaping: Demes and
Ginther, 1989; Boyer et al., 2013).

Prediction errors with the hominoid regression likely
show the effects of violating the assumption of homoge-
nous positional behaviors (Fig. 5). Despite being con-
strained to a superfamily, the taxa in the hominoid
regression exhibit very diverse locomotor behaviors. Our
astragalar test sample includes two hylobatids and
Pongo; our calcaneal test sample includes two hyloba-
tids, Pongo, and Gorilla. These taxa represent suspen-
sory brachiators, an antipronograde arborealist, and a
terrestrial knuckle-walker, respectively. This locomotor
diversity may reduce the effectiveness of the predictive
equations when the more taxonomically specific equa-
tions are used. Alternatively, predictive effectiveness
may be reduced due to the small sample used to gener-
ate the regressions (astragalus, n = 8; calcaneus, n = 6),
even though P-values were significant for each facet
regression (Table 3).

Predicting tarsier body mass

Reconstructing tarsier body mass has proven problem-
atic in the past, whether dental or tarsal variables are
used (Gingerich et al.,, 1982; Dagosto and Terranova,
1992). They are also problematic here, as including tars-
iers in the sample (either reference or test) reduces the
precision and accuracy of predictive equations. Compar-
ing the accuracy of anthropoid vs. haplorhine and prosi-
mian vs. strepsirrhine equations highlights the effects of
including tarsiers within the sample. For the anthropoid
regression, MPE averaged across all seven facets is
24.21%, while in the haplorhine regressions MPE is
27.86%. This increase in MPEs of 3.56% is directly
attributable to the inclusion of tarsiers. PRESS is also
lower across anthropoids (3.29) than haplorhines (4.08).
The exclusion of tarsiers generates a similar improve-
ment in accuracy when comparing the strepsirrhine and
prosimian regressions. MPE increases under the prosi-
mian regressions by 2.27% when tarsiers are included
(an average of 25.75% in strepsirrhines and an average
of 28.01% in prosimians). Finally, the PRESS statistic
averages 3.14 across strepsirrhines and 3.80 across pro-
simians. Tarsiers clearly remain a problematic group for
body mass prediction.

Figure 10 shows the relative (rather than absolute)
prediction error for individual facets and MR models
when predicting tarsier body mass. Relative prediction
error reveals whether equations are over- or under-
predict body mass. Negative values indicate over-
prediction, while positive values indicated under-
prediction, since %PE = ([Observed body mass — Pre-
dicted body mass]/Predicted body mass) X 100. By and
large, equations over-predict tarsier body mass, implying
that they have larger-than-expected facet areas for their
body mass. This was reported by Yapuncich and Boyer
(2014), and is intuitive in light of their highly acrobatic
hind limb-driven locomotion (Napier and Walker, 1967).
Among extant primates, galagids have the most similar
combination of acrobatic behaviors, hind limb propor-
tions, and small body size (though there is substantial
variability within the family [Gebo, 1987]). Galagos also
have larger-than-expected facet areas for their body
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mass relative to other strepsirrhines (Yapuncich and
Boyer, 2014), and galagid-specific regressions do well in
predicting tarsier body mass, particularly the calcaneal
facets. However, predictions from the fibular facet and
head articular surface strongly under-predict tarsier
body mass, revealing intriguing differences in ankle
morphology of the two groups.

The under-prediction of tarsier body mass by the gal-
agid FFA and HEAD regression is in contrast to pat-
terns seen in other taxonomic groups, which generally
over-predict tarsier body mass. Most FFA and HEAD
regressions generate low prediction errors for tarsiers,
particularly at high taxonomic levels. Multiple regres-
sion models are not notably better than individual facets
for predicting the body mass of tarsiers, but the euarch-
ontan and primate backward MRs perform well. If these
tarsal body mass prediction equations were used to gen-
erate body masses for fossil primates that seem to
engage in acrobatic leaping based on other aspects of
their skeletal morphology, we would recommend using
the primate or prosimian FFA or HEAD regressions.

Generality of predictive equations—The non-
primate sample

Precision and accuracy are clearly desirable character-
istics for a body mass prediction equation. However, if a
robust prediction equation should employ variables that
“[do] not vary significantly over different taxa” (Ruff
et al., 1989; p. 515), then it is also important to gauge
the generality of each equation. By applying these pre-
dictors to a wide variety of non-primates, we are able to
see how sample diversity impacts the predictive abilities
of tarsal articular facets (Fig. 6 and Table 9). In these
comparisons, facets that were both accurate and precise
for the primate sample (particularly the ectal facet of
the astragalus and the cuboid facet of the calcaneus)
prove to be the most accurate in the non-primate sam-
ple. LTFA and CEFA are also fairly accurate in the non-
primate sample.

To further test the generality of the individual facet
regressions, we conducted Mann-Whitney non-
parametric U-tests on the relative prediction errors gen-
erated in the primate and non-primate samples. With
body masses generated from the primate regressions,
the distribution of prediction errors in the non-primate
sample was not significantly different for the EFA
regression (P = 0.136 Bonferroni-corrected). All other fac-
ets generated prediction error distributions that were
significantly different in the primate and non-primate
samples. Because scandentians and dermopterans may
be driving the similarity of EFA, we also tested relative
prediction errors of euarchontans and non-euarchontans,
derived from the euarchontan regressions. In this com-
parison, EFA prediction errors were significantly differ-
ent in the two samples (P = 0.046 Bonferroni-corrected),
but LTFA prediction errors were not (P =0.080 Bonfer-
roni-corrected). Differences in the prediction errors of all
other facets were highly significant (P <0.0001). Thus,
both EFA and LTFA appear to be the most broadly appli-
cable body mass predictors. These similarities may show
that stress regimes are similar along the lateral margin
of the astragalus (where the ectal and lateral tibial
facets are located) among primates and non-primates,
enhancing their reliability when used to generate body
mass predictions for taxa outside the phylogenetic
breadth of the reference sample.
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Comparison to other predictive equations

In terms of precision and accuracy, many previously
published predictive equations are less reliable than our
facet equations (Figs. 7 and 8). Since joints are responsi-
ble for transmitting forces through the skeleton, it is
reasonable to expect that articular surface areas would
correlate strongly with body mass. There is no obvious
reason to expect the same for linear measures of other
aspects of a bone (e.g., total length, length of astragalar
neck, width of calcaneal sustentaculum). Indeed, the
indices capturing articular surfaces from the work by
Dagosto and Terranova (1992) tend to be better predic-
tors than linear measures (Fig. 7).

Dental measurements might be expected to scale with
mass in as much as metabolic demands and food-
processing scale in proportion to body mass (Gould,
1975; Schmidt-Nielsen, 1975). Therefore, dental and
postcranial regressions may be expected to have compa-
rable results. However, the proposed functional relation-
ship of “metabolic scaling” does not hold in all primate
groups (Copes and Schwartz, 2010), and the dimensions
of processing features (such as the length of the crista
obliqua) on the lower second molar of primates do not
increase at the rate expected by metabolic scaling (Kay,
1975). Variation in material properties and the degree of
mechanical processing that food items require, as well
as the energetic demands of a taxon as a consequence of
its metabolism, likely add substantial variability to the
relationship between tooth size and body mass. In terms
of precision and accuracy, only the lemurid- and galagid-
specific dental regressions by Dagosto and Terranova
(1992) approach the level of reliability seen in our facet
predictions. Overall, body masses predicted from dental
measurements are not preferable to those predicted from
facet area measures (at least of the tarsus), particularly
at broad taxonomic levels.

Identifying the best regressions

Table 8 presents the best and worst predictors for
each group, as evaluated by all metrics of precision and
accuracy. These are the regression equations we recom-
mend be applied to fossil taxa depending on the ele-
ments preserved, the articular facets on those elements
that are preserved, and phylogenetic position of the fos-
sil taxa. Variables needed for calculating prediction
intervals for all equations presented here are available
in Appendix 3.

SUMMARY AND CONCLUSIONS

Because most articular surfaces generate precise and
accurate prediction equations, it is difficult to isolate the
single best univariate predictor. Some facets are highly
precise (particularly the cuboid and ectal facets of the cal-
caneus), while other facets are more accurate with our
test sample (such as the lateral tibial and ectal facets of
the astragalus and the ectal facet of the calcaneus).
PRESS statistics generally agree with precision metrics
(2, %SEE, and MSE). Multiple regression models appear
to improve accuracy and precision at higher (more inclu-
sive) taxonomic levels, but often reduce to single facets
among anthropoid groups. Other facets appear to be more
generally applicable. In particular, the ectal facet of the
astragalus, an accurate predictor, generates prediction
errors in the non-primate sample that are not signifi-
cantly different from those seen among primates.
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In the debate concerning appropriate feature selection
for generating body mass predictions, Smith (2002) has
advocated a strictly statistical approach for determining
body mass predictor variables, while Ruff et al. (1989)
argued the ideal variable should have 1) close functional
relationship with body mass and 2) be relatively consist-
ent across a taxonomically broad sample. While predic-
tion equations should certainly be statistically evaluated
for their relative precision and accuracy, understanding
functional relationships can help identify potentially
reliable predictor variables. The strong positive allome-
try in the scaling relationship (indicating a higher pro-
portion of mass-induced force) and the concave articular
surface characterize our best body mass predictors (FFA,
EFA, and CCFA), and appear to satisfy the first require-
ment of the ideal predictor variable suggested by Ruff
et al. (1989). The ectal facet generates relative prediction
errors in a sample of non-primates that are not signifi-
cantly different from those generated among primates,
an observation that appears to satisfy Ruff et al.’s sec-
ond requirement. In support of Ruff et al’s (1989)

G.S. YAPUNCICH ET AL.

contention, we suggest that tarsal facets are highly reli-
able predictors of body mass, and that these predictive
equations can be widely implemented in the primate fos-
sil record.
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APPENDIX 1. Test specimens for each set of regressions

Ast Ast Calc Calc
Order Species Specimen facets linear facets linear  Dentition = Composite®
Primates Cheirogaleus medius DPC 031 X X
Primates Eulemur fulvus AMNH 100528 X X X X X
Primates Eulemur fulvus AMNH 170719 X X X
Primates Eulemur fulvus AMNH 170720 X X X
Primates Hapalemur griseus griseus AMNH 170675 X X X X X
Primates Lemur catta AMNH 150039 X X X
Primates Microcebus griseorufus AMNH 185629 X X X Lowers
Primates Prolemur simus DPC 6818 X X
Primates Propithecus verreauxi coquereli ~ AMNH 208989 X X X Yes
Primates Propithecus verreauxi coquereli ~ AMNH 208990 X X X
Primates Euoticus elegantulus AMNH 241127 X X X
Primates Galago moholi AMNH 86501 X X X
Primates Galago moholi AMNH 86504 X X X
Primates Galagoides demidoff AMNH 150413 X X X X X
Primates Otolemur crassicaudatus AMNH 216242 X X X
Primates Otolemur garnettii DPC 011 X X
Primates Otolemur garnettii DPC 022 X X
Primates Arctocebus calabarensis AMNH 212954 X X X Yes
Primates Loris tardigradus AMNH 165931 X X X
Primates Perodicticus potto AMNH 52682 X X X X X
Primates Perodicticus potto AMNH 52704 X X X X X
Primates Perodicticus potto AMNH 52717 X X X
Primates Tarsius bancanus AMNH 106010 X X X
Primates Tarsius bancanus AMNH 106754 X X X
Primates Tarsius spectrum AMNH 109367 X X X
Primates Tarsius spectrum AMNH 109368 X X X
Primates Tarsius spectrum AMNH 109369 X X X X X
Primates Tarsius syrichta AMNH 203296 X X X X X
Primates Alouatta caraya AMNH 209917 X X
Primates Alouatta caraya AMNH 211512 X X
Primates Ateles belzebuth AMNH 30192 X X
Primates Ateles fusciceps AMNH 188140 X X Yes
Primates Ateles geoffroyi AMNH 28420 X X Yes
Primates Ateles marginatus AMNH 95042 X X
Primates Brachyteles arachnoides AMNH 260 X X
Primates Callithrix penicillata AMNH 133698 X X
Primates Callithrix penicillata AMNH 95127 X X
Primates Callithrix pygmaea NMNH 336325 X
Primates Cebus albifrons AMNH 209924 X X
Primates Cebus paella AMNH 133681 X X
Primates Lagothrix lagotricha AMNH 188150 X X Yes
Primates Leontopithecus rosalia AMNH 235275 X X
Primates Leontopithecus rosalia NMNH 588152 X
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APPENDIX 1. Continued

Ast Ast Calc Calc
Order Species Specimen facets linear facets linear Dentition Composite®
Primates Saguinus midas AMNH 97316 X X
Primates Saguinus mystax AMNH 188171 X X
Primates Saguinus mystax AMNH 188176 X X Yes
Primates Macaca fascicularis MCZ 35613 X
Primates Macaca fascicularis MCZ 35656 X X
Primates Macaca fascicularis MCZ 35673 X
Primates Macaca mulatta DPC 073 X
Primates Macaca mulatta DPC 075 X
Primates Papio cynocephalus DPC 072 X
Primates Trachypithecus cristata MCZ 37670 X
Primates Gorilla gorilla gorilla MCZ 17684 X
Primates Hylobates lar MCZ 41412 X X Yes
Primates Hylobates lar MCZ 41433 X X Yes
Primates Pongo pygmaeus MCZ 37362 X X
Primates Symphalangus syndactylus AMNH 106583 X X
Primates Symphalangus syndactylus AMNH 106584 X
Scandentia Tupaia belangeri AMNH 113135 X
Scandentia Urogale everetti AMNH 203293
Scandentia Tupaia glis AMNH 212952
Scandentia Tupaia glis AMNH 215175
Scandentia Tupaia glis AMNH 215176 X X
Scandentia Tupaia glis AMNH 215177 X
Scandentia Tupaia glis AMNH 215178
Scandentia Tupaia glis AMNH 215179
Scandentia Ptilocercus lowii USNM 481106 X X
Scandentia Ptilocercus lowii USNM 488058 X X
Scandentia Ptilocercus lowii USNM 488069 X X
Dermoptera Cynocephalus volans AMNH 207001 X X
Dermoptera Cynocephalus volans UNSM 15502 X
Dermoptera Galeopterus variegatus USNM 317118 X X
Afrosoricida Petrodromus tetradactylus AMNH 115790 X X
Afrosoricida Tenrec ecaudatus AMNH 170513 X X
Afrosoricida Setifer setosus AMNH 170547 X X
Afrosoricida Hemicentetes semispinosus AMNH 170593 X X
Afrosoricida Echinops telfairi AMNH 170607 X X
Afrosoricida Potamogale velox AMNH 55204 X X
Carnivora Arctictis binturong AMNH 119600 X X
Carnivora Nasua narica AMNH 14062 X X
Carnivora Potos flavus AMNH 267053 X X
Carnivora Vulpes vulpes EA 0014 X X
Eulipotyphla Hemiechinus auritus AMNH 180318 X X
Eulipotyphla Suncus suncus AMNH 200205 X X
Eulipotyphla Erinaceus europaeus AMNH 3770 X X
Eulipotyphla Crocidura olivieri AMNH 48490 X X
Eulipotyphla Solenodon paradoxus AMNH 77745 X X
Eulipotyphla  Desmana moschata AMNH 97807 X X
Lagomorpha Ochotona princeps AMNH 124392 X X
Lagomorpha Sylvilagus nuttalli Personal coll. X X
Lagomorpha Orcytolagus cuniculus EA 0021 X X
Lagomorpha Orcytolagus cuniculus EA 0159 X X
Lagomorpha Lepus californicus SBU MLG3 X
Lagomorpha Lepus californicus SBU MLG4 X
Rodentia Aplodontia rufa AMNH 142747 X X
Rodentia Allactaga major AMNH 227 X X
Rodentia Prionomys batesi AMNH 241344 X X
Rodentia Coendou prehensilis AMNH 80045 X X
Rodentia Erethizon dorsatum Personal coll. X X
Rodentia Marmota monax SBU MRd18 X X
Rodentia Ondatra zibethicus EA 0017 X X
Rodentia Ondatra zibethicus EA 0018 X X
Rodentia Castor canadensis EA 0085 X X
Rodentia Castor canadensis EA 0087 X X
Rodentia Tamias striatus EA 0101 X X
Rodentia Tamias striatus EA 0102 X X
Rodentia Sciurus carolinensis SBU MRd10 X X
Rodentia Hystrix cristata AMNH 87222 X X
Rodentia Pedetes capensis AMNH 81747 X X
Rodentia Thyronomys gregorianus AMNH 53951 X X
Rodentia Chinchilla lanigera AMNH 148698 X X
Rodentia Zenkerella insignis AMNH 119966 X X
Rodentia Anomalurus derbianus AMNH 241147 X X
Rodentia Anomalurus derbianus AMNH 89389 X X

2 Composite denotes specimens which dental measurements were unavailable. They were tested using mean values of at least three

individuals of the same species.
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Means Variable n Slope  Slope 95% CI  Intercept Int 95% CI P r %SEE MSE
Individuals LTFA 217  1.342  (1.303, 1.380) 1.921 (1.752, 2.095)  *** 0965 39.931 0.112
Sex (0% Dimorphism)  LTFA 108 1.342  (1.282, 1.401) 1916 (1.663, 2.184) #0958  41.745  0.119
<5% Dimorphism LTFA 98 1.349  (1.289, 1.414) 1.883 (1.611, 2.148)  *** 0,960 41.250  0.117
<10% Dimorphism LTFA 89 1.355  (1.294, 1.418) 1.876 (1.592, 2.162)  ***  0.963  40.295 0.112
<15% Dimorphism LTFA 84 1.348  (1.286, 1.413) 1.924 (1.649, 2.211)  *** 0964 39.539 0.108
<20% Dimorphism LTFA 83 1.347  (1.284, 1.409) 1.926 (1.653, 2.205) #0964 39.721  0.109
<25% Dimorphism LTFA 81 1.346  (1.285, 1.414) 1.930 (1.636, 2.197) *** 0963 40.176  0.111
<35% Dimorphism LTFA 80 1.350  (1.280, 1.418) 1.913 (1.609, 2.222) #0963  40.257 0.112
<40% Dimorphism LTFA 78 1.350  (1.282, 1.414) 1.912 (1.623, 2.220)  *** 0962  40.740 0.114
<55% Dimorphism LTFA 77 1.351  (1.284, 1.420) 1.910 (1.603, 2.210)  ** 0962 41.0564 0.115
Species LTFA 76 1.346  (1.278, 1.418) 1.927 (1.619, 2.235)  *** 0,960  40.578  0.113
Individuals EFA 217  1.265  (1.230, 1.297) 3.364 (3.228, 3.503)  *** 0962  41.823 0.121
Sex (0% Dimorphism) EFA 108  1.252  (1.200, 1.307) 3.410 (3.199, 3.619)  *** 0954  44.091 0.131
<5% Dimorphism EFA 98 1.264 (1.213, 1.316) 3.360 (3.156, 3.560)  **  0.959  41.944  0.120
<10% Dimorphism EFA 89 1.270  (1.217, 1.322) 3.344 (3.134, 3.552)  *** 0,962  40.944 0.115
<15% Dimorphism EFA 84 1.262  (1.207, 1.318) 3.389 (3.157,3.603)  ***  0.963  40.441  0.113
<20% Dimorphism EFA 83 1.261  (1.206, 1.314) 3.388 (3.174, 3.601) *** 0964 40.198 0.111
<25% Dimorphism EFA 81 1.257  (1.199, 1.315) 3.405 (3.173,3.634) #0963  40.334  0.112
<35% Dimorphism EFA 80 1.255  (1.199, 1.314) 3.415 (3.176, 3.642)  **¥*¥ 0,962  40.513  0.113
<40% Dimorphism EFA 78 1.255  (1.201, 1.312) 3.414 (3.180, 3.637)  *¥ 0962  41.062  0.115
<55% Dimorphism EFA 77 1.255  (1.197, 1.312) 3.416 (3.189, 3.649)  *** 0962 41.365  0.117
Species EFA 76 1.255  (1.198, 1.312) 3.414 (3.184, 3.647) #0959  41.243  0.116
Individuals FFA 217  1.289  (1.253, 1.324) 3.391 (3.261, 3.525)  *** (0965  39.621  0.110
Sex (0% Dimorphism)  FFA 108  1.281  (1.229, 1.333) 3.445 (3.257,3.634)  *** 0962 39.489  0.109
<5% Dimorphism FFA 98 1.281  (1.230, 1.332) 3.454 (3.270, 3.636)  *** 0965 38.5632 0.104
<10% Dimorphism FFA 89 1.284  (1.229, 1.338) 3.451 (3.258, 3.649) #0965 38.919  0.106
<15% Dimorphism FFA 84 1.280  (1.220, 1.337) 3.478 (3.271, 3.686)  *** 0965 39.101 0.106
<20% Dimorphism FFA 83 1.279  (1.224, 1.337) 3.477 (3.256, 3.676)  *** 0,966  38.950 0.106
<25% Dimorphism FFA 81 1.273  (1.213, 1.329) 3.499 (3.292, 3.716)  *** 0965 39.135 0.106
<35% Dimorphism FFA 80 1.278  (1.219, 1.334) 3.479 (3.259, 3.697)  *¥ 0965  38.986  0.106
<40% Dimorphism FFA 78 1.280 (1.219, 1.338) 3.478 (3.257,3.696)  *** 0964  39.403 0.108
<55% Dimorphism FFA 77 1.281  (1.222, 1.340) 3.476 (3.256, 3.695)  *** 0964  39.647  0.109
Species FFA 76 1.283  (1.219, 1.342) 3.470 (3.253, 3.694) *** 0962  39.325  0.107
Individuals HEAD 217 1437  (1.404, 1.472) 1.277 (1.115, 1.433)  ** 0972 34.717 0.088
Sex (0% Dimorphism) HEAD 108  1.422  (1.372, 1.477) 1.338 (1.088, 1.565)  *** 0968 35.660 0.091
<5% Dimorphism HEAD 98 1.426  (1.373, 1.481) 1.324 (1.075, 1.568)  *** 0969  35.343  0.090
<10% Dimorphism HEAD 89 1.433  (1.381, 1.488) 1.298 (1.046, 1.536)  *** 0970 35.494  0.090
<15% Dimorphism HEAD 84 1425  (1.369, 1.479) 1.341 (1.108, 1.586)  *** 0.971  35.450  0.090
<20% Dimorphism HEAD 83 1.425 (1.371, 1.480) 1.341 (1.096, 1.594) *** 0971  35.574  0.090
<25% Dimorphism HEAD 81 1.420 (1.365, 1.480) 1.363 (1.105, 1.614) *** 0970 35.561  0.090
<35% Dimorphism HEAD 80 1.420 (1.360, 1.477) 1.363 (1.102, 1.635)  *** 0969  35.932  0.092
<40% Dimorphism HEAD 78 1.420 (1.363, 1.478) 1.362 (1.104, 1.629) #0969 36.371  0.094
<55% Dimorphism HEAD 77 1.419 (1.362, 1.479) 1.366 (1.093, 1.626)  *** 0969 36.626  0.095
Species HEAD 76 1.422  (1.361, 1.482) 1.355 (1.078,1.629) #0966 36.510  0.094
Individuals MTFA 217 1.358  (1.301, 1.408) 3.398 (3.230, 3.584)  *** (0923  64.583  0.246
Sex (0% Dimorphism) MTFA 108 1.352  (1.261, 1.436) 3.415 (3.144, 3.726)  *¥ 0918  62.679  0.232
<5% Dimorphism MTFA 98 1.350  (1.261, 1.436) 3.432 (3.155, 3.733)  *¥F 0922  61.941  0.228
<10% Dimorphism MTFA 89 1.352  (1.255, 1.445) 3.438 (3.144,3.769) #0924  62.460  0.230
<15% Dimorphism MTFA 84 1.343 (1.251, 1.436) 3.487 (3.202, 3.814) *** 0,926 61.723  0.226
<20% Dimorphism MTFA 83 1.344  (1.253, 1.439) 3.487 (3.192, 3.781) #0926 62.120 0.228
<25% Dimorphism MTFA 81 1.342  (1.245, 1.438) 3.494 (3.169, 3.823)  **¥ 0923  62.999  0.233
<35% Dimorphism MTFA 80 1.353  (1.251, 1.449) 3.455 (3.147, 3.814)  *** 0922  62.691 0.231
<40% Dimorphism MTFA 78 1.351  (1.248, 1.449) 3.456 (3.136, 3.798)  *** 0,922  63.406 0.235
<55% Dimorphism MTFA 77 1.351  (1.247, 1.450) 3.455 (3.138,3.807)  *¥ 0921 63.935  0.238
Species MTFA 76 1.346  (1.240, 1.445) 3.468 (3.147, 3.805)  *** 0916 63.813  0.237
Individuals CCFA 176 1.310 (1.280, 1.340) 3.445 (3.349, 3.542)  *** 0977  30.543  0.070
Sex (0% Dimorphism) CCFA 102 1.306  (1.265, 1.347) 3.440 (3.309, 3.572)  F* 0976  29.997  0.067
<5% Dimorphism CCFA 96 1.300 (1.259, 1.341) 3.464 (3.331,3.596)  *¥F 0977  29.972  0.067
<10% Dimorphism CCFA 90 1.308  (1.268, 1.346) 3.445 (3.315, 3.575)  *¥F (0980  28.283  0.061
<15% Dimorphism CCFA 89 1.305  (1.265, 1.345) 3.455 (3.323, 3.588)  *** 0979  28.618  0.062
<20% Dimorphism CCFA 85 1.307  (1.268, 1.347) 3.450 (3.318, 3.582)  *** (0981 27.475 0.058
<25% Dimorphism CCFA 83 1.303  (1.262, 1.343) 3.464 (3.328,3.600) #0980  28.207  0.060
<35% Dimorphism CCFA 81 1.305 (1.263, 1.346) 3.461 (3.322, 3.560)  *** (0980 27.915  0.059
<50% Dimorphism CCFA 80 1.308  (1.267, 1.349) 3.455 (3.317,3.593) #0981  27.712  0.058
<60% Dimorphism CCFA 80 1.310  (1.269, 1.351) 3.452 (3.313,3.591)  *** 0981 27.920 0.059
Species CCFA 80 1.321  (1.280, 1.362) 3.424 (3.286, 3.562)  *¥ 0981 27.694  0.058
Individuals CEFA 176  1.275  (1.240, 1.310) 3.274 (3.154, 3.395)  *** 0967  37.782  0.102
Sex (0% Dimorphism) CEFA 102 1.273  (1.224, 1.321) 3.233 (3.067, 3.400)  *** 0965 37.169  0.098
<5% Dimorphism CEFA 96 1.271  (1.224, 1.319) 3.232 (3.065, 3.399) *** 0968 36.762  0.096
<10% Dimorphism CEFA 90 1.278  (1.229, 1.326) 3.215 (3.043,3.387) #0969  36.560  0.095
<15% Dimorphism CEFA 89 1.274  (1.225, 1.322) 3.231 (3.059, 3.403) *** 0969 36.254  0.094
<20% Dimorphism CEFA 85 1.279  (1.232, 1.326) 3.216 (3.048, 3.383) #0972  34.728  0.087
<25% Dimorphism CEFA 83 1.273  (1.224, 1.322) 3.237 (3.061, 3.413) *** 0970 35.614  0.091
<35% Dimorphism CEFA 81 1.275  (1.226, 1.324) 3.236 (3.058,3.413) #0971  34.846  0.087
<50% Dimorphism CEFA 80 1.278  (1.229, 1.327) 3.229 (3.052, 3.406)  *** 0971  34.747  0.087
<60% Dimorphism CEFA 80 1.280 (1.231, 1.329) 3.226 (3.048, 3.404)  ** 0971  34.917  0.087
Species CEFA 80 1.292  (1.244, 1.340) 3.192 (3.020, 3.364) *** 0974 33.613 0.082

Significance: ***P < 0.0001, **P < 0.001, *P < 0.05.
Bold numbers indicate most precise regressions by a particular metric, italicized numbers indicate least precise regressions.



APPENDIX 3. Variables required for calculating prediction

intervals
Sample Predictor SE n  x-bar SSx
Euarchonta LTFA 0.335 83 3.97 135.513
EFA 0.338 83 3.08 154.392
FFA 0.329 83 2.97 150.496
HEAD 0.304 83 4.16 121.658
MTFA 0.483 83 2.81 130.497
CEFA 0.298 85 3.28 159.808
CCFA 0.243 85 3.03 153.604
PC1COVA 0.306 83 7.56 684.071
PC1 CORR 0.307 83 7.60 682.757
MR STEP 0.287 83 5.32 261.569
MR BACK  0.268 83 5.49 248.718
Primates LTFA 0.325 77 4.10 114.188
EFA 0.335 77 3.20 136.015
FFA 0.301 77 3.11 126.507
HEAD 0.303 77 4.28 104.784
MTFA 0.441 77 2.96 104.643
CEFA 0.291 80  3.40 136.866
CCFA 0.241 80 3.15 132.619
PC1COVA 0.288 77 7.86 579.287
PC1 CORR 0.289 77 7.90 577.693
MR STEP 0.265 77 5.42 219.129
MR BACK  0.265 77 5.42 219.129
Strepsirrhines LTFA 0.319 29 3.45 26.951
EFA 0.396 29 245 28.206
FFA 0.341 29 2,50 24.593
HEAD 0.284 29 3.81 25.388
MTFA 0.427 29 2.55 29.009
CEFA 0.311 24 2.49 21.219
CCFA 0.278 24 237 21.926
PC1COVA 0323 29 6.67 138.583
PC1CORR 0.321 29 6.69 138.476
MR STEP 0.280 29 5.21 48.627
MR BACK 0253 29 5.69 49.049
Haplorhines LTFA 0.310 48 4.49 67.797
EFA 0.255 48  3.66 81.639
FFA 0.279 48  3.48 84.626
HEAD 0.284 48 4.56 69.102
MTFA 0.370 48 3.21 67.694
CEFA 0.271 57 3.76 91.006
CCFA 0.231 57 3.45 93.250
PC1COVA 0265 48 8.64 368.533
PC1 CORR 0.267 48 8.68 367.647
MR STEP 0.243 48 4.73 142.744
MR BACK 0.243 48 4.73 142.744
Prosimians LTFA 0.375 32 3.37 28.796
EFA 0.443 32 2.38 30.036
FFA 0.326 32 2.38 29.233
HEAD 0.287 32 3.70 28.757
MTFA 0.432 32 2.45 32.147
CEFA 0.329 28 2.36 24.121
CCFA 0.268 28 2.20 26.681
PC1COVA 0.336 32 6.45 153.958
PC1 CORR 0.335 32 6.47 153.927
MR STEP 0.260 32 6.03 58.411
MR BACK  0.244 32 5.45 58.588
Anthropoids LTFA 0.291 45 4.61 56.730
EFA 0.226 45 3.79 68.551
FFA 0.281 45 3.63 67.935
HEAD 0.260 45 4.69 57.938
MTFA 0.333 45 3.33 58.056
CEFA 0.258 53 3.92 70.368
CCFA 0.218 53 3.62 71.349
PC1COVA 0.246 45 8.93 307.127
PC1 CORR 0.246 45 8.97 306.572
MR STEP 0.226 45 4.84 111.788
MR BACK  0.226 45 4.84 111.788
Lemuroids LTFA 0.201 18 3.77 19.851
EFA 0.257 18 2.82 19.204
FFA 0.293 18 2.78 18.188
HEAD 0.188 18 4.16 17.137
MTFA 0.263 18 2.81 23.146
CEFA 0.158 14 2.83 14.465
CCFA 0.220 14 2.69 15.048
Lemurids LTFA 0.088 8 4.21 0.652
EFA 0.068 8 3.27 0.653

APPENDIX 3. Continued

Sample Predictor SE n x-bar SSx
FFA 0.152 8 3.28 0.702
HEAD 0.045 8 4.54 0.471
MTFA 0.187 8 3.27 0.638
CEFA 0.089 7 3.21 0.322
CCFA 0.075 7 3.08 0.460
Lorisoids LTFA 0.453 11 2.93 2.351
EFA 0.590 11 1.86 2.733
FFA 0.406 11 2.04 2.675
HEAD 0.386 11 3.23 2.406
MTFA 0.586 11 2.12 2.576
CEFA 0.466 10 2.01 2.906
CCFA 0.330 10 1.93 3.495
Galagids LTFA 0.160 5 2.92 1.598
EFA 0.180 5 1.96 1.825
FFA 0.185 5 1.99 1.869
HEAD 0.071 5 3.17 1.626
MTFA 0.297 5 2.19 1.789
CEFA 0.142 5 2.04 1.930
CCFA 0.217 5 1.87 2.237
Lorisids LTFA 0.218 6 2.94 0.752
EFA 0.166 6 1.78 0.823
FFA 0.226 6 2.08 0.785
HEAD 0.281 6 3.29 0.741
MTFA 0.258 6 2.06 0.742
CEFA 0.407 5 1.99 0.970
CCFA 0.242 5 1.98 1.225
Platyrrhines LTFA 0.216 28 4.01 20.396
EFA 0.203 28 3.11 21.091
FFA 0.270 28 2.92 18.482
HEAD 0.209 28 4.07 18.940
MTFA 0.318 28 2.67 16.154
CEFA 0.219 33 3.30 24.894
CCFA 0.199 33 3.00 26.783
PC1 COVA 0.213 28 7.53 93.989
PC1 CORR 0.215 28 7.51 93.778
MR STEP 0.203 28 3.81 31.598
MR BACK 0.203 28 3.81 31.598
Atelids LTFA 0.150 6 5.14 0.424
EFA 0.147 6 4.31 0.247
FFA 0.217 6 3.95 0.323
HEAD 0.184 6 5.18 0.191
MTFA 0.148 6 3.57 0.351
CEFA 0.133 8 4.40 0.478
CCFA 0.098 8 4.12 0.585
Callitrichines LTFA 0.173 8 3.00 1.300
EFA 0.183 8 2.08 1.684
FFA 0.244 8 1.97 1.498
HEAD 0.165 8 3.12 1.443
MTFA 0.276 8 1.78 2.204
CEFA 0.233 8 2.15 1.543
CCFA 0.198 8 1.80 1.521
Catarrhines LTFA 0.322 17 5.60 9.469
EFA 0.237 17 491 13.164
FFA 0.306 17 4.79 12.721
HEAD 0.293 17 5.70 10.773
MTFA 0.376 17 4.42 9.393
CEFA 0.285 20 4.96 11.258
CCFA 0.221 20 4.65 10.414
PC1 COVA 0.287 17 11.33 55.030
PC1 CORR 0.289 17 11.37 54.749
MR STEP 0.237 17 5.87 18.799
MR BACK 0.208 17 5.89 18.987
Cercopithecoids ~ LTFA 0.142 9 5.18 0.980
EFA 0.179 9 4.36 1.098
FFA 0.241 9 4.26 1.131
HEAD 0.131 9 5.25 0.914
MTFA 0.196 9 4.01 1.167
CEFA 0.303 13 4.53 1.737
CCFA 0.241 13 4.24 2.017
Hominoids LTFA 0.356 8 6.07 5.133
EFA 0.275 8 5.53 6.238
FFA 0.349 8 5.39 6.176
HEAD 0.309 8 6.21 5.935
MTFA 0.409 8 4.88 5.054
CEFA 0.274 7 5.75 2.749
CCFA 0.164 7 5.41 2.201
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