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1 | INTRODUCTION

Predicting body mass is a common objective in a variety of biological
disciplines, as body mass can provide insight into an organism's life

through its robust covariation with several ecological, physiological,

| Aleah Bowie! | Raphaél Belais® | Steven E. Churchill** |

Abstract

A primate's body mass covaries with numerous ecological, physiological, and
behavioral characteristics. This versatility and potential to provide insight into an
animal's life has made body mass prediction a frequent and important objective in
paleoanthropology. In hominin paleontology, the most commonly employed body
mass prediction equations (BMPEs) are “mechanical” and “morphometric”: uni- or
multivariate linear regressions incorporating dimensions of load-bearing skeletal
elements and stature and living bi-iliac breadth as predictor variables, respectively.
The precision and accuracy of BMPEs are contingent on multiple factors, however,
one of the most notable and pervasive potential sources of error is extrapolation
beyond the limits of the reference sample. In this study, we use a test sample
requiring extrapolation—56 bonobos (Pan paniscus) from the Lola ya Bonobo
sanctuary in Kinshasa, Democratic Republic of the Congo—to evaluate the predictive
accuracy of human-based morphometric BMPEs. We first assess systemic differences
in stature and bi-iliac breadth between humans and bonobos. Due to significant
differences in the scaling relationships of body mass and stature between bonobos
and humans, we use panel regression to generate a novel BMPE based on living bi-
iliac breadth. We then compare the predictive accuracy of two previously published
morphometric equations with the novel equation and find that the novel equation
predicts bonobo body mass most accurately overall (41 of 56 bonobos predicted
within 20% of their observed body mass). The novel BMPE is particularly accurate
between 25 and 45 kg. Given differences in limb proportions, pelvic morphology, and
body tissue composition between the human reference and bonobo test samples, we
find these results promising and evaluate the novel BMPE's potential application to

fossil hominins.
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and behavioral characteristics (Calder, 1984; Damuth & MacFadden,
1990; Fleagle, 1985; McNab, 1990; Peters, 1983; Schmidt-Nielsen,
1984). With respect to hominins, specifically, there exists a rich
literature on both body mass prediction (e.g., Jungers, 1988;
McHenry, 1974; Wolpoff, 1973) and the evolutionary implications
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of body mass (e.g., Aiello & Wells, 2002; Aiello & Wheeler, 1995;
Antén, Leonard, & Robertson, 2002; McHenry, 1994; Robson &
Wood, 2008). Recently discovered small-bodied hominin species such
as Homo floresiensis (Brown et al., 2004) and Homo naledi (Berger
et al,, 2010, 2015) have further diversified the range of body shapes
and sizes within the hominin lineage and have generated renewed
interest in the accurate prediction of body mass (Brassey, O'Maho-
ney, Chamberlain, & Sellers, 2018; Grabowski & Jungers, 2017;
Grabowski, Hatala, Jungers, & Richmond, 2015; Holliday et al., 2018;
Jungers, Grabowski, Hatala, & Richmond, 2016; Ruff, Burgess,
Squyres, Junno, & Trinkaus, 2018; Will & Stock, 2015).

Although there are alternative methods (e.g., Brassey et al., 2018),
univariate or multivariate linear regression remains the most common
approach to predicting body mass in fossil taxa. These body mass
prediction equations (BMPEs) describe the relationship between body
mass and dimensions of skeletal or dental elements that are regularly
fossilized (e.g., molar occlusal area, limb bone dimensions). For
hominins, the most frequently employed BMPEs can be classified as
either “mechanical” or “morphometric”. Mechanical equations use
dimensions of load-bearing skeletal elements as predictor variables
(Almécija, Smaers, & Jungers, 2015; Burgess, McFarlin, Mudakikwa,
Cranfield, & Ruff, 2018; Elliott, Kurki, Weston, & Collard, 2015a,b;
Grine, Jungers, Tobias & Pearson, 1995; McHenry, 1992; Ruff et al.,
2012; Ruff, 1991, 1994, 2000a; Squyres & Ruff, 2015), while
morphometric equations use stature and living bi-iliac breadth (Ruff,
1991, 1994, 2000b; Ruff, Niskanen, Junno, & Jamison, 2005; Ruff,
Trinkaus, & Holliday, 1997). Because these two types of equations rely
on different predictor variables, direct comparisons of their perfor-
mance have been relatively limited. Based on their comparisons of
predictive accuracy, Auerbach and Ruff (2004) recommend morpho-
metric over mechanical equations with the caveat that all predictor
variables (stature and bi-iliac breadth) must be estimated with
confidence.

While several theoretical and statistical issues make body mass
prediction with linear regression models a deceptively complex
procedure (Ruff, 2007; Smith, 2002; Yapuncich, 2018; Yapuncich,
Gladman, & Boyer, 2015), extrapolation beyond the limits of the
reference sample is one of the most problematic. In a strict sense,
extrapolation violates the statistical assumption that the predicted
sample belongs to the same population as the reference sample
(Smith, 2009). However, rigid adherence to this assumption is not
tenable in many paleontological cases, as the diversity of past species
far exceeds those currently living (and therefore available for use as a
reference sample). Thus, sample limitations may necessitate extra-
polation, including predicting body masses from predictor values
smaller or larger than those in the reference sample or predicting
body mass in taxa outside the sample's phylogenetic bracket
(sensu Witmer, 1995).

From a methodological standpoint, extrapolation often results in
reduced precision (Aiello, 1992; Hens, Konigsberg, & William, 1998;
Konigsberg, Hens, Jantz, & Jungers, 1998; Ruff, 2007) and accuracy
(Walker, Yapuncich, Sridhar, Cameron, & Churchill, 2018; Yapuncich
et al, 2015; Yapuncich, Churchill, Cameron, & Walker, 2018) of

predicted values. While precision and accuracy are important metrics
for gauging the reliability of a BMPE, Gingerich (1990) advocates that
BMPEs should also have a degree of generality and exhibit a
“reasonable” degree of precision and accuracy across a wide range
of taxa. Extrapolation provides an opportunity to evaluate the trade-
offs between accuracy and generality to determine when differences
(phylogenetic or otherwise) between the reference and test samples
render BMPEs unreliable. We have used intentional extrapolation in
previous work to determine if BMPEs developed with primate
reference samples remain accurate with non-primate test samples
(Yapuncich et al., 2015) and if morphometric equations based on adult
humans work well in skeletally immature humans (Walker et al., 2018).

In this study, to test the hypothesis that extrapolating beyond the
range of the BMPE reference sample (either body mass or
phylogenetic bounds) will reduce predictive accuracy, we leverage
a test sample requiring extrapolation—56 bonobos (Pan paniscus)
from the Lola ya Bonobo sanctuary in Kinshasa, Democratic Republic
of the Congo—to evaluate the predictive accuracy of human-based
morphometric BMPEs. We predict that BMPEs based on skeletally
immature humans, whose body masses overlap with those of
bonobos, will be more accurate than BMPEs based on human adults,
whose body masses largely do not overlap. We first assess systemic
differences in stature and bi-iliac breadth between humans and
bonobos, then develop a new prediction equation based on observed
differences, and finally evaluate the predictive accuracy of multiple
BMPEs with a variety of metrics.

Although human-based BMPEs are frequently applied to hominin
fossils (Berger et al., 2015; Grabowski & Jungers, 2017; Grabowski
et al. 2015; Holliday et al., 2018; Will & Stock, 2015), the body
proportions of several hominin taxa differ markedly from extant
humans (Holliday et al., 2018; Jungers et al., 2016; McHenry, 1992;
Richmond, Aiello, & Wood, 2002; Ruff, 2010; Ruff & Walker, 1993).
Despite these differences, evaluating the accuracy of human-based
BMPEs with nonhuman test samples is exceedingly rare (Ruff, 1987).
This study provides a rare evaluation of the predictive accuracy of
morphometric BMPEs using a nonhuman test sample. Our test
sample of bonobos has the potential to be informative for hominin
evolution as bonobos often serve as a referential model for the
morphology and ecology of the last common ancestor of humans and
chimpanzees (Zihlman, Cronin, Cramer, & Sarich, 1978; Wrangham &
Pilbeam, 2002; but see Sayers, Raghanti, & Lovejoy, 2012).

2 | METHODS

All data were collected as part of a project approved by Duke
University (IACUC #A261-13-10) and adhered to the legal require-
ments of the Ministry of Research and the Ministry of Environment
in D.R. Congo. Animal husbandry and care practices complied with
the policies of Lola ya Bonobo, as well as the Pan-African Sanctuary
Alliance, The Primate Veterinary Healthcare Manual, and the
American Society of Primatologists Principles for the Ethical

Treatment of Non-Human Primates.



YAPUNCICH ET AL

2.1 | Sample & measurements

Body mass (BM), stature (ST), and living bi-iliac breadth (BIB;
Figure 1) were measured during routine health check-ups on 56
bonobos at the Lola ya Bonobo sanctuary in Kinshasa, Democratic
Republic of the Congo. Summary statistics of measurements and
demographic information are shown in Table 1, and measurements
for each individual are available in File S1. Measurements were taken
by the sanctuary's veterinary team (including R. Belais) as part of
a thorough physical examination of anesthetized individuals for a
routine health and wellness check-up. BM (kg) was taken using a
standard metric floor scale. ST (cm) was taken as crown-heel length
using a metric tape measure. Each bonobo was placed in a supine
position with hind limbs fully extended. ST was then measured as the

straight-line distance, along the surface of the examination table,
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FIGURE 1 Predictor variable measurements. Living bi-iliac
breadth (BIB), measured with spreading calipers, is the mediolateral
diameter of the trunk at the level of the greatest lateral projection of
the iliac blades. Stature (ST), measured with a metric tape, is the
straight-line distance between the superior cranium (crown) and
plantar surface of the heel
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from the level of the top of the crown to the level of the plantar
surface of the heel. BIB (cm) was taken as the mediolateral distance
across the trunk at the level of the greatest lateral projection of the
iliac blades (palpated) and measured with spreading calipers.
All bonobos were semi-free-ranging within the sanctuary and include
individuals ranging from 2 to 31.5 years old.

2.1.1 | Statistical analyses

To evaluate potential differences in the scaling relationships between
the predictor variables (ST and BIB) and BM in adult humans and
bonobos, analyses of covariance (ANCOVA) of ST and BIB were
performed in PAST (Hammer, Harper, & Ryan, 2001) with body mass
as a covariate. For the ANCOVAs, 58 sex-specific adult means were
used for the human sample. The majority of these values came from
Ruff (1994), with Aleut female body mass adjusted following Ruff
et al. (1997), and male and female Finn population mean incorporated
from Ruff et al. (2005). The bonobo sample was partitioned into three
different age classes: juvenile, subadult, and adult. The minimum age
at first menstrual cycle (indicative of reproductive maturity) among
Lola ya Bonobo females is 7 years (Tan & Hare, 2013). Accordingly,
all bonobos under 7 years of age (n=10 females, 6 males) were
classified as juveniles. Bonobos continue to experience somatic
growth until approximately 11 years of age (Leigh & Shea, 1995,
1996), so individuals at and between 7 and 11 years old (n=9
females, 10 males) were classified as subadults. Lastly, bonobos
12 years of age and older were considered fully adult (n = 6 females,
15 males), with skeletal maturation presumably complete. Thus, the
combination of bonobo juvenile and subadult age classes is roughly
equivalent to the skeletally immature human sample, while the adult
bonobo and adult human age classes should represent individuals
with full epiphyseal fusion. A more liberal ANCOVA was conducted
by including subadults and adults and a more conservative ANCOVA
was conducted including only adults. In these tests, p-values less than
0.05 were considered statistically significant.

Body mass for each bonobo was predicted using three different
equations. First, we evaluated the adult female human equation from
Ruff et al. (1997), which was the most accurate adult based BMPE when
applied to immature humans aged 6 to 12 years old (Walker
et al, 2018):

BM = 0.522 x ST + 1.809 x BIB-75.5 (1)

Second, we evaluated the immature human logged data panel
equation from Yapuncich et al. (2018), which was the most accurate

equation from that study:

InBM = 1.956 x InST + 0.695 x InBIB-8.313 (2)

Finally, based on the scaling differences revealed by ANCOVAs (see
Section 3), we developed a novel BMPE based on BIB in skeletally
immature humans reported in the Harpenden Growth Study (HGS;
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TABLE 1 Descriptive statistics (mean, standard deviation [SD], and range) for Lola ya Bonobo individuals

Age (years)

Stature (cm)

Bi-iliac breadth (cm)

Body mass (kg)

Sex Ageclass n Mean SD Range Mean SD

Female All 25 9.76  6.06 2-27 102.36  19.57
Juvenile 10 450 141 2-6.5 81.80 13.37
Subadult 9 9.67 115 8-11 115.56 6.77
Adult 6 18,67 450 14-27 116.83 5.71

Male All 31 1176 6.30 3-315 11268 1541
Juvenile 6 483 133 3-6 85.83 1251
Subadult 10 9.00 149 7-11 116.5 6.55
Adult 15 1637 584 12-315 12087 5.84

Range Mean SD Range Mean SD Range
63-124 1921 375 11.8-24 23.00 10.61 5-38
63-106 1539 221 11.8-19 11.55 4.92 5-20

102-124 2161 147 19-24 29.06 394 22-33

108-123 2197 259 17-24 33.00 482 25-38
67-132 2122 264 155-25 30.73 10.49 8-52
67-100 16.63 1.03 155-184 13.17 3.66 8-17

108-127 2175 171 19.5-242  30.80 592 24-39

112-132 2271 1.06 21-25 37.70 491 31-52

Tanner, Whitehouse, & Takaishi, 1966 a,b). From the full HGS data set,
Yapuncich et al. (2018) utilized a subset consisting of 3,468 observa-
tions of individuals age 4 to 18 years (n=74 females, 99 males).
Although we did not have access to data on individual ancestry, other
studies have described the HGS sample as being solely of European
descent (e.g., Marshall & Tanner, 1969, 1970). In the HGS data utilized
here, body mass ranges from 14.1 to 84.6 kg, stature ranges from 96.8
to 194.3cm, and bi-iliac breadth ranges from 15.3 to 32.6 cm. More
extensive descriptive statistics for the HGS sample are provided in
Yapuncich et al. (2018; their Tables 1 and 2). The BIB-only prediction
equation was generated using panel regression with a random effect
model in the R package plm (Croissant & Millo, 2007) following the
methods of Yapuncich et al. (2018):

InBM = 2.065 x InBIB-2.887 3

Panel regression models are intended to be applied to data
representing repeated measures of subjects over a series of regular
intervals (Baltagi, 2013; Dougherty, 2011) such as the HGS data, and,
by accounting for serial autocorrelation, provide robust estimates of
model parameters. Following Yapuncich et al. (2018), variables were

natural log-transformed to stabilize the variance.

2.1.2 | Predictive accuracy

We gauged the accuracy of these three equations with several metrics
frequently used in studies of body mass prediction (e.g., Aiello & Wood,
1994; Dagosto & Terranova, 1992; Delson et al., 2000; Elliott et al.,
2015a,b; Yapuncich et al., 2015). First, we calculated the prediction
error (PE: kg) for each individual as the difference between observed
(BMops) and predicted body masses (BMpeq). With this metric, negative
values indicate overprediction, while positive values indicate under-
prediction. Second, following Smith (1980, 1984), we calculated the

relative percentage prediction error (%PE):

Relative %PE = (BMgps—BMred)/BMyreq X 100

Third, we calculated the mean percentage prediction error

(%MPE) by averaging relative %PE by age and sex. Following other

(Aiello & Wood, 1994;
Dagosto & Terranova, 1992; Delson et al, 2000; Elliott et al.,
2015a,b; Yapuncich et al., 2015), we consider both a median %PE less

than +20% or conditions in which the majority of test cases have less

studies using these accuracy metrics

than +20%PE to indicate acceptably low error. Finally, we compared
observed and predicted BMs using nonparametric two-tailed
Mann-Whitney U-tests (to account for nonnormality of observed
BMs) to test for significant differences in the group medians. p <.05
were considered statistically significant. With this metric, a prediction
equation should generate a distribution of predicted BMs that does not
have a significantly different median than the observed BMs. This is
particularly true if the goal of prediction is to capture the central

tendency of a population (Yapuncich, 2018).

2.1.3 | Bonobo-specific prediction equations

After evaluating the accuracy of human-based prediction equations with
the Lola ya Bonobo sample, multiple regression was used to generate a
bonobo-specific morphometric body mass prediction equation with the
adult data, since there are currently no published morphometric
equations for bonobos. To generate this equation, BIB, ST, and BM
values were natural log-transformed. Adult male and female samples
were combined, as the level of sexual dimorphism (calculated as [In
(female BM) - In(male BM)]*100) is only 13%, less than the 20%
threshold suggested by Yapuncich et al. (2015) to necessitate separate
prediction equations. The precision of this equation was gauged with
the correlation coefficient (r?), mean squared error (MSE), and percent
standard error of the estimate (%SEE).

3 | RESULTS
3.1 | Differences in scaling relationships of stature
and bi-iliac breadth

Results from both ANCOVAs are presented in Table 2 and Figure 2
plots ST and BIB against body mass. In both the liberal (adults and
subadults) and conservative (adults only) ANCOVAs, neither somatic

variable shows significant differences in slope. However, in both
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TABLE 2 ANCOVA:s for stature and bi-iliac breadth with BM as a covariate

Sample Variable Equal variance* df
Adults and subadults Stature Y 96
Bi-iliac breadth Y 96
Adults only Stature Y 77
Bi-iliac breadth N 77

Abbreviations: ANCOVA, analyses of covariance; BM, body mass.
*Levene's test for equal variance.
***p <.001.

ANCOVAs, the intercepts of the ST versus BM regressions differ
significantly, indicating that at a given body mass, bonobos are
significantly shorter than humans. There are no significant
differences observed in the intercepts of the BIB versus BM
regressions, although BIB does not have the same level of variance
in the bonobo and human samples (thus violating an assumption of
the ANCOVA). For a prediction equation intended for application
across multiple taxa, the significant differences recovered between
the intercepts of ST versus BM suggest that accuracy will decrease
when ST is the These

results motivated the development of a new prediction equation

included in prediction equation.
(Equation 3) generated from BIB of skeletally immature humans of
the HGS data set, which overlap in body mass and bi-iliac breadth

with the bonobos.
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F p-Value F p-Value
193.2 0.759 39
0.351 56 2.279 14
175.5 0.832 37
1.116 29 1.651 20
3.1.1 | Accuracy as indicated by prediction error

Figure 3 shows boxplots of prediction error for all three human-
based BMPEs when applied to different bonobo age classes. Relative
%PE and the percentage of test cases with <20% PE are presented by
sex and age class in Table 3. There are noticeable differences in the
predictive accuracy of these three equations, particularly in their
predictive accuracy among juvenile bonobos. Not surprisingly,
Equation 1 (based on adult female humans) has poor predictive
accuracy when applied to the Lola ya Bonobo sample and under-
predicted body mass across all three age classes. The equation was
most accurate among subadult female bonobos, with a median
relative %PE of 19.1 and 6 out of 9 individuals predicted within 20%
of their observed body weight (Table 3). The equation strongly
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FIGURE 2 Biplots of (a) stature and body mass and (b) bi-iliac breadth and body mass, both with reduced major axis regressions through
adults and subadults (filled shapes). Adult & subadult (filled squares) and juvenile (open squares) P. paniscus from Lola ya Bonobo test sample.
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FIGURE 3 Prediction error boxplots by age class for three
examined equations. Equation 1: Ruff et al. (1997) adult female;
Equation 2: Yapuncich et al. (2018) logged immature panel; Equation
3: logged BIB panel equation of this study. JV, juvenile P. paniscus
(n =10 females, 6 males); SA, subadult P. paniscus (n = 9 females,

10 males); AD, adult P. paniscus (n = 6 females, 15 males). Boxes
include 25-75% quartiles; whiskers extend to farthest points

<1.5 interquartile range; dashed line demarcates over- and
underprediction

underpredicted body mass among juvenile bonobos of both sexes
(Figure 3 and Table 3).

Equation 2, derived from a large sample of skeletally immature
humans, also performed poorly when applied to bonobos (Table 3).
Equation 2 was least accurate when predicting the body masses of
adults of both sexes, with median relative %PEs of 39.8 in females
and 46.1 in males (Table 3), leading to underpredictions of
approximately 10 kg on average (Figure 3). In contrast to Equation 1,
Equation 2 was most accurate for juvenile bonobos (Figure 3), with
median relative %PEs of 6.9 and 22.3 in females and males,
respectively (Figure 3 and Table 3). The equation predicted the body
masses for 8 of 10 juvenile females and 2 of 6 juvenile males within
20% of their observed BM.

Equation 3, the novel BIB panel equation developed for this
study, was substantially more accurate for bonobos than either of
the previously published BMPEs (Table 3), with a slight tendency
to overpredict body mass (Figure 3). More than half of the
bonobos (41 of 56) were predicted within £20% of their observed
BM and accuracy was particularly high among adult bonobos
(median relative %PEs of -4.1 in females and 6.5 in males).
Compared to its performance among adults, Equation 3 had
lower predictive accuracy among juvenile bonobos (median
relative %PEs of -29.4 in females and -24.2 in males). Comparing
the percentage of individuals predicted within +20% of their

observed BM, Equation 3 had equal or greater accuracy than the

TABLE 3 Relative percentage prediction error (%PE) for morphometric prediction equations

Equation 3 (this study)

Equation 2; Yapuncich et al. (2018)

Equation 1; Ruff et al. (1997)

%PE<|20%|

Range

Median SD

-12.6
-29.4

Mean

%PE< [20%|
40

Median SD Range
28.7

Mean
30.5

%PE< [20%)|

-637.5-57592.3 32
-637.5-57592.3

Median SD Range

Mean
25 22504

n

Sample

-54.4-292 56

18.2

-14.8
-30.5

-2.4-119.2
-24-119.2

27.8

11531.1
18277.4

19.1
-151.0

all)

20
78
83
87

-54.4-12.1
-22.7-6.9

132

80

42.4

6.9
28.7

251

0
67

10 55785

9
6

31

juveniles)

9.9
15.3

8.6

-85

22

29.0 11.3 11.6-44.1

-5.0-89.8

26.3

19.1

26.5

subadults)

-12.6-29.2
-51.9-214

-51.9-15.8
-12.2-4.3

1.7
-4.0
-29.5

0
6

33

6.6 33.6-49.9

13.7 12.1-62.3
112 12.1-434

39.8

41.6

33

15.3-115.0

-1396.8-165.3
-1396.8-165.3

37.8
2914

39.6 25.6

-50.9
-390.1

adults)

16.6

-2.8
-24.2

39.2

38.4

10

28.2
-238.7

Females

Females

Females

Females

15.8

22.3

23.9

0
20

580.9

6
10

Males (juveniles)

100

6.0 54

6.5

-52

0
0

8.7 21.8-487
9.8 31.6-623

32.0

32.7

6.9-48.6
12.0-57.5

11.7

27.7

27.2

Males (subadults)
Males (adults)

87

-5.9-214

7.0

46.1

48.0

7

12.4

30.8

32.7
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other equations for all bonobo sex and age classes with the
exception of juvenile females (Table 3).

To visualize the accuracy of each equation across the range of
observed body masses (rather than by age class), the predicted body
masses (Figure 4a) and prediction errors (Figure 4b) are plotted
against observed body mass for all Lola ya Bonobo individuals.
Equation 1 consistently underpredicts body mass, reaching the
highest accuracy in individuals between 30 and 35 kg (Figure 4).
However, even in this body mass range, Equation 1 predicts relatively
few individuals within £20% of their observed BM (Figure 4b).
Equation 2 also consistently underpredicts body mass, though not to
the same degree as Equation 1, and achieves its highest level of
accuracy between 5 and 10kg (Figure 4b). Equation 3 generates
slight overpredictions at low body masses and slight underpredic-
tions at high body masses (Figure 4a). However, for individuals
between 25 and 45 kg, Equation 3 is very accurate, predicting 11 of
13 females and 21 of 22 males within £20% of their observed BM.

3.1.2 | Accuracy as indicated by two-sample tests
The results of the Mann-Whitney U-tests comparing the distributions
of predicted and observed body masses are presented in Table 4. With
the bonobo test sample, Equation 1 generates distributions of predicted
BMs that are significantly different from observed BMs for the majority
of sex and age groups (Table 4). Among juvenile bonobos, there are no
significant differences between observed body masses and those
predicted with Equation 2 (Table 4), but there are significant differences
among subadults and adults (as well as the aggregated sample).
Equation 3 performs the best by this metric, as there are only
significant differences between observed and predicted BMs among
juvenile male bonobos (Table 4). Compared to Equation 1, ranges and
standard deviations of predicted BMs are more constrained with the
two-panel equations, and Equation 2 generates a slightly tighter
distribution of predicted body masses than Equation 3. As with the
prediction error results, Mann-Whitney U tests suggest that Equation 3
is the most accurate of the three BMPEs examined here.

3.1.3 | Bonobo-specific prediction equations

With the Lola ya Bonobo adult sample (n=21), multiple regression

returned the following morphometric BMPE:

InBM = 0.555 X InBIB + 1.868 x InST-7.080 (4)

<

The adjusted r? for Equation 4 is 0.790, the MSE is 0.004, and
the %SEE is 6.549. A quasi-maximum likelihood estimator (QMLE)
of 1.002 should be used to correct for bias when detransforming
predicted body masses (Smith, 1993; Sprugel, 1983). Stature was
a significant factor in the regression model (p <.001) but bi-iliac
breadth is not (p <.06). We limited the model to just the significant
factor, and ordinary least squares regression of stature against
body mass returned the following equation:

InBM = 2.507 x InST-8.408 (5)

Equation 5 has an r? of 0.774, an MSE of 0.004, a %SEE of 7.263,
and a QMLE of 1.002.

4 | DISCUSSION

By requiring extrapolation beyond the bounds of the reference
sample, bonobos represent a challenging test sample for human-
derived morphometric BMPEs. Humans and bonobos differ in body
tissue composition (Zihlman & Bolter, 2015), relative limb
proportions (Corruccini & McHenry, 1979; McHenry & Corruccini,
1981), and pelvic morphology (e.g.,, Hammond & Almécija, 2017;
Lovejoy, Suwa, Spurlock, Asfaw, & White, 2009), all of which are
factors that should reduce the accuracy of human-derived
morphometric BMPEs.

In this study, we predicted that BMPEs derived from a reference
sample of immature humans (Equations 2 and 3) would have higher
predictive accuracy than those derived from an adult human
reference sample (Equation 1). Based on several accuracy metrics,
the most reliable BMPE is Equation 3, a panel equation derived from
natural-log transformed bi-iliac breadth of skeletally immature
humans (Figure 3 and Table 3). Since multivariate BMPEs often have
greater accuracy than univariate equations (Gingerich, 1990;
Jungers, 1990; Mendoza, Janis, & Palmqvist, 2006; Yapuncich et al.,
2015), it is somewhat surprising that the equations which include
both stature and bi-iliac breadth (Equations 1 and 2) have lower
predictive accuracy than the univariate Equation 3. The inaccuracies
of these equations are likely caused by differences in the relationship
between stature and body mass in humans and bonobos (Table 2;
Figure 2). ANCOVAs reveal that adult bonobos are significantly
shorter than humans at a given body mass (Figure 2a). In contrast,
despite marked differences in pelvic morphology, the relationship
between bi-iliac breadth and body mass is comparable between these

two species (Figure 2b).

FIGURE 4

(a) Biplots of observed and predicted body mass and (b) local regression (LOESS) of prediction error to observed body mass

(smoothing factor = 0.5) for P. paniscus individuals from Lola ya Bonobo. Equation 1; Ruff et al. (1997) adult female; Equation 2; Yapuncich et al.
(2018) logged immature panel; Equation 3 logged BIB panel equation of this study. White circles indicate females; gray circles indicate males.
In (a), the dotted line represents a line of equivalence so that values below the line are underpredicted and values above the line are
overpredicted. In (b), under- and overprediction are indicated. The dark gray region indicates 95% confidence interval of each regression.
Light gray regions approximate prediction errors >20%. LOESS regressions were performed in PAST (Hammer et al., 2001)
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TABLE 5 Body masses of select hominin fossil taxa predicted with Equation 3

Taxon Specimen BIB (cm)?

Australopithecus afarensis AL 288-1 25.3 26.6
Australopithecus africanus STS 14 25 26.3
Homo erectus BSN 49/P27 288 30.7
Australopithecus sediba MH2 25 26.3

Abbreviation: BIB, bi-iliac breadth.

2Kibii et al. (2011) for A. sediba, Ruff (2010) for all other taxa.
PBIB converted to living BIB following Ruff et al. (2005).
“Grabowski et al. (2015).

dRuff et al. (2018) male/female mean.

We expected Equation 1 to be less accurate than the other
equations with the bonobo test sample, since application to bonobos
requires extrapolation beyond both the body mass and phylogenetic
ranges of the adult human reference sample. However, Equation 1
was more accurate than Equation 2 among subadult and adult
bonobos according to the percentage of individuals predicted within
+20% of their observed BM (Table 3) and the Mann-Whitney U-tests
(Table 4). The increased accuracy of Equation 1 relative to Equation 2
may reflect the weighting of the coefficients in each equation. In
Equation 1, stature has a smaller coefficient than BIB, while in
Equation 2, stature has a larger coefficient than BIB. With significant
differences in stature observed among bonobos and humans (Table 2),
the relative weight of the stature and BIB coefficients means that
stature does not introduce as much inaccuracy in Equation 1.

Equation 2 is the most accurate equation for juvenile bonobos
but underpredicts body mass for subadult and adult individuals
(Figure 2; Tables 3 and 4). As discussed above, this underprediction
arises from the interspecific differences in the scaling relationships
between body mass and stature in humans and bonobos (Figure 3
and Table 3), as well as the weight of stature as a predictor variable
in Equation 2.

The higher accuracy of Equation 3, when applied to the Lola ya
Bonobo sample, suggests this equation should generate reliable
predictions of body mass in bonobos, particularly for subadults and
adults, and has the potential to generate reliable predictions of body
mass in other hominoid species (a potential that should be empirically
tested with data from other species). The equation achieves its
highest accuracy with the Lola sample between 25 and 45kg
(Figure 4). Grabowski et al. (2015) argue this is an important range
for understanding body mass change throughout hominin evolution,
although Ruff et al. (2018) predict most fossil hominins to have
slightly larger body masses (30-70kg). Thus, the interspecific
reliability of Equation 3 seems to make it a good candidate for the
reliable prediction of body mass for some fossil hominins. However,
rather than providing a distinct best option, this study underlines
several general challenges of body mass prediction and introduces
several caveats to the broad application of Equation 3 among
fossil taxa.

First, these analyses highlight the importance of evaluating the
scaling relationships between potential variables and body mass

before developing BMPEs (as in Burgess et al., 2018; Grabowski

Living BIB (cm)®

Predicted BM (kg) Previous BM (kg)° Previous BM (kg)¢

48.8 26.0 454
47.5 228 39.3
65.6 294 73.0
47.5 291 41.0

et al.,, 2015; Yapuncich & Boyer, 2014). ANCOVAs reveal that the
scaling relationships of stature and body mass are significantly
different between humans and bonobos (Figure 2 and Table 3), which
likely generates systematic biases in predicted body masses for both
Equations 1 and 2. Evaluating the scaling relationships of the
predictor variables before testing the accuracy of each equation, it
was possible to predict that BIB would be a more reliable predictor
than STAT for this bonobo sample.

Second, these analyses demonstrate that variables can contribute
differently to predictive accuracy depending on the level of inquiry.
BIB alone is more accurate than the combination of BIB and STAT
when applied to bonobos with human-derived Equation 3 (Figure 3
and Table 3), but the
(Equation 5) relies solely on STAT. Essentially, BIB substantially

preferred bonobo-derived equation
increases predictive accuracy interspecifically, but is not informative
intraspecifically. Because scaling relationships often differ at
interspecific and intraspecific levels (Gould, 1971), strong correlations
at the interspecific level may not be present at the intraspecific level.

Third, accurate predictor variables can be capricious. Pelvic
morphology differs substantially between bonobos and humans, and
bonobo pelves are longer craniocaudally and shorter dorsoventrally
relative to human pelves. Given these differences in pelvic
morphology, there is no prima facie argument that BIB should be a
reliable predictor of body mass across these species. Nonetheless,
BIB performs very well with the bonobo test sample (Figure 3;
Table 3 and 4). This interspecific accuracy may suggest that
Equation 3 could reasonably be applied to fossil taxa as well.
However, the pelves of many fossil hominins differ substantially from
the pelves of both bonobos and humans, as they are often very
mediolaterally broad (Ruff, 2010), which would lead to strongly
overpredicted body masses. Indeed, the predicted body masses for
Australopithecus afarensis (AL 288-1), Australopithecus africanus (STS
14), Australopithecus sediba (MH2), and Homo erectus (BSN 49/P27)
are more than double the predicted body masses reported by
Grabowski et al. (2015) and are higher (though more comparable)
than male/female mean body masses predicted by Ruff et al. (2018;
Table 5). Equation 3 may work well for particular taxa when
extrapolating beyond the phylogenetic bounds of the human
reference sample, but that characteristic does not necessarily mean
the equation will be accurate when generalized to all taxa

phylogenetically bracketed by humans and bonobos.
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Finally, as we have previously argued for BMPEs more generally
(Yapuncich et al., 2018), Equation 3 should only be applied when the
predictor values can be estimated with a reasonable degree of
confidence. Stature is difficult to measure from skeletal remains and
stature prediction equations (e.g., Jungers, 1988; Konigsberg et al., 1998;
McHenry, 1974) are not necessarily tested with other hominoid species.
By relying solely on bi-iliac breadth, Equation 3 sidesteps the
methodological problems associated with predicting stature. However,
since BIB measurements were taken on living individuals in the reference
sample for Equation 3, application to skeletonized specimens requires
converting osteological BIB to living BIB (as in Ruff et al., 2005). It is
possible that using predicted values (which have their own uncertainty) in
BMPEs may decrease precision so much that predicted body masses are
not particularly informative (Martin, 1990).

Despite these complications, Equation 3 is the most accurate of
the three evaluated equations for predicting bonobo body mass. This
equation generally overpredicts the body mass of smaller and
younger individuals, underpredicts the body mass of the largest
individuals, and is most accurate (prediction error <20%, with few
exceptions) for individuals larger than 17 kg. While Equation 3
generates accurate results in bonobos, the pronounced bi-iliac
breadth of many fossil hominins renders the application of this novel

BMPE to fossil taxa more fraught.
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