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ARTICLE INFO ABSTRACT

Artid? history: Body mass is an ecologically and biomechanically important variable in the study of hominin biology.
Received 30 June 2016 Regression equations derived from recent human samples allow for the reasonable prediction of body
Accepted 14 March 2017 mass of later, more human-like, and generally larger hominins from hip joint dimensions, but potential

Available online 3 May 2017 differences in hip biomechanics across hominin taxa render their use questionable with some earlier

taxa (i.e., Australopithecus spp.). Morphometric prediction equations using stature and bi-iliac breadth

Keywords: avoid this problem, but their applicability to early hominins, some of which differ in both size and
Children . J
Australopithecus proportions from modern adult humans, has not been demf)nstre?ted. Heroie we use mean stature, bi-iliac
Homo breadth, and body mass from a global sample of human juveniles ranging in age from 6 to 12 years
Body size (n = 530 age- and sex-specific group annual means from 33 countries/regions) to evaluate the accuracy
Stature of several published morphometric prediction equations when applied to small humans. Though the
Bi-iliac breadth body proportions of modern human juveniles likely differ from those of small-bodied early hominins,
human juveniles (like fossil hominins) often differ in size and proportions from adult human reference
samples and, accordingly, serve as a useful model for assessing the robustness of morphometric pre-
diction equations. Morphometric equations based on adults systematically underpredict body mass in
the youngest age groups and moderately overpredict body mass in the older groups, which fall in the
body size range of adult Australopithecus (~26—46 kg). Differences in body proportions, notably the ratio
of lower limb length to stature, influence predictive accuracy. Ontogenetic changes in these body pro-
portions likely influence the shift in prediction error (from under- to overprediction). However, because
morphometric equations are reasonably accurate when applied to this juvenile test sample, we argue
these equations may be used to predict body mass in small-bodied hominins, despite the potential for
some error induced by differing body proportions and/or extrapolation beyond the original reference
sample range.
© 2017 Elsevier Ltd. All rights reserved.
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value from morphological variables that are preserved in the
paleontological or archeological records. As a result, the reliability
of many assessments of hominin paleoecology are partially
dependent on the accurate prediction of body mass.

For fossil hominins, two predominant approaches to body mass
prediction have been employed: a “mechanical” method that uses
dimensions of load-bearing skeletal elements such as femoral head
diameter or knee breadth (Ruff et al., 1991, 2012; McHenry, 1992;
Ruff, 1994, 2000a; Grine et al., 1995; Squyres and Ruff, 2015;
Elliott et al.,, 2016a,b), and a “morphometric” method that models
the body as a cylinder, under the assumption that mass is propor-
tional to the volume of the cylinder (Ruff, 1991, 1994, 2000b; Ruff
et al., 1997, 2005). With the morphometric method, the diameter
of the cylinder is represented by bi-iliac breadth, while the height
of the cylinder is set equal to stature. In both approaches, predictor
variables are regressed against known body masses of a reference
sample using ordinary least squares (for bivariate regressions) or
multiple regression (for multivariate regressions); this procedure is
also known as “inverse calibration” (Konigsberg et al., 1998).

Mechanical prediction equations derived from recent human
samples allow for the reasonable prediction of body mass in more
recent, and generally larger, hominins (including many members of
the genus Homo) from hip joint dimensions (e.g., Ruff et al., 1997;
Ruff, 2010). Potential differences in hip abductor biomechanics
across hominin taxa, however, render their use questionable with
earlier, generally smaller, hominins such as Australopithecus spp.
(Jungers, 1988a; McHenry, 1992; Ruff, 1995; Ruff et al.,, 1999;
Auerbach and Ruff, 2004). Morphometric prediction equations do
not require the assumption of similar lower limb biomechanics
(though they do require the assumption that body proportions are
broadly similar). Though multiple variables may be included in
morphometric prediction equations (e.g., Schaffer, 2016), stature/
bi-iliac breadth equations have been most widely applied to
archeological and paleontological samples (e.g., Ruff and Walker,
1993; Ruff et al., 1997, 2006; Arsuaga et al., 1999; Trinkaus et al.,
1999; Holt, 2003; Rosenberg et al., 2006; Vercellotti et al., 2008;
Siegmund and Papageorgopoulou, 2011; Pomeroy and Stock,
2012) because the incorporated variables can often be gathered
from skeletonized material. Accordingly, while not necessarily the
most accurate possible morphometric equations (see Schaffer,
2016), stature/bi-iliac breadth equations (henceforth used synon-
ymously with “morphometric equations” or “morphometric
method”) are the most widely applicable and have been recom-
mended over mechanical methods when the variables can be
reconstructed with confidence (Auerbach and Ruff, 2004).

Even when measurements of bi-iliac breadth and stature are
available, some methodological difficulties remain for researchers
who wish to apply the morphometric method to fossil hominins.
First, osteological measurements of some fossil taxa fall outside the
range of extant human samples, so that predicted body masses for
these taxa require extrapolation. Extrapolation greatly increases
uncertainty around predicted values (Aiello, 1992; Hens et al., 1998;
Konigsberg et al., 1998; Ruff, 2007) and may violate a fundamental
assumption of the prediction process — that predicted values
belong to the same population as the reference population (Smith,
2009). Second, many fossil hominins have different proportions
than those observed in recent human samples (Johanson et al.,
1982; McHenry and Berger, 1998; Asfaw et al., 1999; Richmond
et al., 2002; Morwood et al., 2005; Lovejoy et al., 2009; Berger
et al, 2010; Churchill et al., 2013; Schmid et al.,, 2013; Berger
et al., 2015), which may reduce accuracy when prediction equa-
tions are applied to fossil taxa. Ruff et al. (2005) examined the effect
of certain proportional indices on the predictive accuracy of the
morphometric method, including relative sitting height (= sitting
height/stature x 100) and biacromial/bi-iliac breadth. They found

that “only biacromial/bi-iliac breadth has a significant effect on
prediction bias (p < 0.01)” (Ruff et al., 2005: 386), and that this
effect was restricted to males. Additionally, Ruff (2000b) evaluated
the reliability of the morphometric method by predicting the body
masses of Olympic athletes, a sample that also deviates from the
body proportions of non-athlete populations in a variety of ways.
Ruff (2000b) demonstrated that the morphometric method pro-
duced fairly accurate body mass predictions for the athletic sample,
particularly for individuals in events that emphasized a general
combination of agility, endurance, strength, and speed (e.g., de-
cathletes). Continued evaluation of morphometric methods with
samples that exhibit a range of proportions may reveal additional
correlations between prediction error and body proportions.
Several previous studies have addressed issues of body mass
prediction in small-bodied hominins by evaluating mechanical and
morphometric equations in small-bodied archeological samples
(Kurki et al., 2010) or by developing and testing prediction equa-
tions for application to juveniles (Ruff, 2007; Sciulli and Blatt, 2008;
Robbins et al., 2010; Robbins Schug et al., 2013). However, most
juvenile prediction equations follow the mechanical method, uti-
lizing femoral metaphyseal breadth (Ruff, 2007), femoral head
breadth (Ruff, 2007), and femoral midshaft second polar moments
of area (Robbins et al., 2010; Robbins Schug et al., 2013). Ruff (2007)
published juvenile morphometric equations that used bi-iliac
breadth and long bone lengths (rather than stature); the accuracy
of these equations has yet to be evaluated with a novel test sample.
While published juvenile mechanical equations have proven to
be reasonably accurate when predicting body masses of small-
bodied hominins, no previous study has tested the accuracy of
morphometric prediction equations with a small-bodied human
sample. This line of investigation is particularly important since
predictions from morphometric equations have been used as a
comparative baseline to assess mechanical equations (Auerbach
and Ruff, 2004; Kurki et al., 2010). Here we use mean stature, bi-
iliac breadth, and body mass from a global sample of human ju-
veniles to evaluate the accuracy of morphometric body mass pre-
diction equations when applied to small-bodied fossil hominins
and examine the effect of juvenile body proportions (specifically
lower limb length/stature and biacromial/bi-iliac breadth) on pre-
dictive accuracy. Treating human juveniles as a small-bodied fossil
hominin proxy, we focus on two potential sources of error with
possible repercussions for the application of morphometric pre-
diction equations to the hominin fossil record: 1) extrapolation
error due to differing body sizes between test and reference sam-
ples and 2) differing body proportions between test and reference
samples. With respect to body size, human juveniles largely overlap
with the estimated statures and masses of Australopithecus (and
some specimens attributed to Homo), allowing for a direct assess-
ment of extrapolation error over a range of sizes (e.g., Eveleth and
Tanner, 1976; Grabowski et al., 2015). Body proportions in human
juveniles and small-bodied fossil hominins, however, are particu-
larly variable (Eveleth and Tanner, 1976; Johanson et al., 1982;
Berge, 1998; McHenry and Berger, 1998; Asfaw et al., 1999; Bogin,
1999; Richmond et al., 2002; Ruff, 2002; Bogin et al., 2002;
Morwood et al., 2005; Green et al., 2007; Lovejoy et al., 2009;
Berger et al., 2010; Kibii et al., 2011; Schmid et al., 2013; Churchill
et al,, 2013; DeSilva et al., 2013; Berger et al., 2015; Marchi et al.,,
2017; Feuerriegel et al., 2017). Body proportions change during
growth and development, differ across human juvenile pop-
ulations, and even diverge within juvenile populations according to
environmental factors (Eveleth and Tanner, 1976; Berge, 1998;
Bogin, 1999; Bogin et al., 2002; Ruff, 2002; Temple et al., 2011).
Small-bodied fossil hominin body proportions are similarly diverse,
particularly with respect to measures central to morphometric
prediction equations — limb length and hip breadth (Jungers, 1982;
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Aiello, 1992; Richmond et al., 2002; Berger et al., 2010; Kibii et al.,
2011; Churchill et al., 2013; Berger et al.,, 2015; Walker et al,,
2015; Feuerriegel et al., 2017; Marchi et al.,, 2017). Accordingly,
generalized comparisons of juvenile human and small-bodied fossil
hominin body proportions are not practical. Importantly, however,
each of these groups possesses body proportions that often differ
from those of adult humans. As such, with respect to body pro-
portions, human juveniles serve not as a direct proxy for all small-
bodied fossil hominins, but rather a test sample to examine the
general effect of varying body proportions in a highly variable
group.

2. Materials and methods

To evaluate the accuracy of morphometric prediction equa-
tions, population mean values of stature (ST: cm), bi-iliac breadth
(BIB: cm), and body mass (BM: kg) were collected from the liter-
ature (Eveleth and Tanner, 1976). This global sample includes 530
age- and sex-specific group annual means of human juveniles,
ranging in age from 6 to 12 years, aggregated from populations
(following descriptions by Eveleth and Tanner, 1976) of European,
African, Asian, New Guinean, and Indo-Mediterranean descent,
residing in 33 distinct countries or regions (Table 1). Summary
statistics for the sample are provided in Table 2. Mean body

Table 1
Sample origins (from Eveleth and Tanner, 1976).

Ancestry Residence

Cuba
Nigeria
Rwanda
South Africa

Africa Surinam
Tanzania
USA—Philadelphia
USA—Washington, DC
West Indies

Brazil

Guatemala

Hong Kong
Mexico

Singapore
USA—Wainwright

Asia

Argentina
Belgium

Brazil

Canada

Cuba

France
Guatemala
Hungary

Italy

Poland

Romania

South Africa
United Kingdom
USA—Berkeley
USA—Cleveland
USA—Denver
USA—Iowa
USA—Philadelphia
Yugoslavia

Europe

Egypt
Indo-Mediterranean India
South Africa

Manus

New Guinea Mt. Hagen

masses of the older ages partially overlap with the smallest mean
body mass values in the adult reference samples (Ruff, 1994), as
well as the inferred body mass range of australopiths. Body masses
at younger ages are smaller than the reference sample and thus
permit evaluation of the effects of extrapolation outside the
reference sample range.

Prediction equations from three studies, the male and combined
sex equations from Ruff (1994), the female equation from Ruff et al.
(1997), and the male and female equations from Ruff et al. (2005)
(Table 3), were appraised with this juvenile test sample. These
equations are derived from similar reference samples (Ruff et al.
[1997] updated the female equation of Ruff [1994] by correcting
the value of Aleut female mean body mass and Ruff et al. [2005]
incorporated mean body masses for male and female Finns), so
differences in predicted body masses are expected to be modest.
However, because Finns have both larger stature and broader bi-
iliac breadth compared to other populations in the reference
sample, their inclusion may have a strong impact on the regression
equation (and, thus, have a strong effect on prediction at the
opposite end of the body mass spectrum). For brevity, we refer to
the Ruff (1994) and Ruff et al. (1997) equations as the “initial” set
and the Ruff et al. (2005) equations as the “revised” set. Since the
juvenile morphometric equations published by Ruff (2007) use
long bone lengths rather than stature, our test sample could not be
used to test the predictive accuracy of these equations.

2.1. Accuracy in extrapolation

Our analytical approach first evaluated which set of ST-BIB
prediction equations (initial or revised) was most accurate.
Within that set of equations, we then assessed which particular
equations (female, male, or combined sex) were most accurate for
both females and males. Given the age range of our test sample,
sexual dimorphism is likely minimal (Feldesman, 1992; Humphrey,
1998; Hauspie, 2002), so an equation developed for one sex in
adults might produce accurate predictions for both sexes in juve-
niles. Additionally, since the reference samples of the female
equations overlap more substantially with the juvenile test sample,
negative effects of extrapolation may be reduced relative to the
male equations.

Accuracy was determined by calculating prediction error (PE:
kg) as the difference between observed (BMyps) and predicted
body masses (BMpreq). Negative values indicate an overprediction
of body mass, while positive values indicate underprediction.
Following Smith (1980, 1984), relative percentage prediction error
(%PE) was calculated as (BMobs — BMpred)/BMpreda*100, while ab-
solute percentage prediction error was calculated as [BMgps —
BMpred|/BMprea*100. Mean percentage prediction error (%MPE)
was calculated by averaging relative or absolute %PEs across all
populations by age and sex. Since both the reference and test
samples comprise population mean values, there is no change in
the units of analysis and prediction errors should not be inflated
(Yapuncich, 2018). For both sexes and all ages, observed and
predicted body masses were compared with non-parametric
Mann—Whitney U-tests since observed body masses were often
not normally distributed and predicted body masses had greater
variance than observed body masses.

While it is useful to determine which of the morphometric
equations is most accurate relative to one another, these compar-
isons do not indicate whether or not the most accurate morpho-
metric equation generates error at an acceptably low level. In this
study, we consider both a mean %PE less than +20% and the ma-
jority of test cases with %PE less than +20% to indicate an accept-
able level of prediction error. These performance criteria have
frequently been used in other studies of prediction error (e.g.,
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Table 2
Descriptive statistics (mean, standard deviation [SD] and range) for samples.

Sex Age (Years) N Stature (cm) Bi-iliac breadth (cm) Body mass (kg)
Mean SD Range Mean SD Range Mean SD Range
Female 6 24 112.5 3.2 106.7-117.6 18.0 0.8 16.0-19.7 19.4 1.7 16.2-21.9
7 39 117.8 39 106.6—123.8 18.5 1.1 15.2-20.0 214 2.2 17.5-24.8
8 41 122.2 4.5 111.0-130.1 19.0 1.2 15.4-21.0 233 2.6 19.0-28.1
9 42 127.4 49 115.5-135.7 19.7 13 16.0-21.9 259 3.2 20.5-31.6
10 42 132.9 5.6 118.3—141.5 20.7 14 17.0-23.0 29.1 38 23.7-35.9
11 41 1385 6.1 123.5-148.6 21.7 1.6 17.4-24.4 32,6 4.6 26.0-40.7
12 43 144.5 6.1 130.8—155.2 229 1.7 18.0-25.5 36.8 5.2 27.9-46.1
Male 6 24 113.0 33 107.2-117.7 18.1 0.8 16.3-19.7 20.0 15 16.7-22.4
7 38 118.3 4.2 108.0-124.8 18.7 1.0 16.8—20.4 22.1 22 18.0-25.9
8 39 123.2 4.6 110.8—-130.0 19.1 1.1 17.4-21.2 24.1 2.5 20.0-28.6
9 39 128.4 49 116.1-136.0 19.9 12 17.9-21.8 26.7 3.0 22.0-32.2
10 38 133.0 5.4 120.7-141.3 20.7 12 18.7-22.8 29.3 35 23.9-35.1
11 39 137.7 5.8 124.3-146.5 213 13 19.0—-23.9 322 43 25.3-394
12 41 142.4 6.0 129.4-152.2 221 13 19.3-24.3 355 4.7 27.2-433
Table 3
Body mass prediction equations?. 3. Results
Grou; ST coefficient BIB coefficient Intercept Source . .
P i 3.1. Accuracy in extrapolation
Male 0.373 3.033 —82.5 Ruff, 1994
Female 0.522 1.809 —-75.5 Ruff et al., 1997 . o o .
Combined 0414 2789 830 Ruff, 1994 The relatlye and a.bsolute %PE for thg initial and tev1sed ST-BIB
Male 0.422 3.126 _929 Ruff et al., 2005 morphometric equations are presented in Table 4. Figure 1 shows
Female 0.504 1.804 —72.6 Ruff et al., 2005 boxplots of relative %PE for both sets of equations. While prediction

ST = stature; BIB = bi-iliac breadth.

Dagosto and Terranova, 1992; Aiello and Wood, 1994; Delson et al.,
2000; Yapuncich et al.,, 2015; Elliott et al., 2016a,b).

2.2. Effects of differences in proportions

To evaluate the effects of differing proportions on predictive
accuracy, additional mean somatic variables were collected from
the literature (Eveleth and Tanner, 1976). The ratio of mean lower
limb length (LL: cm) to mean ST was taken as a measure of lower
limb to trunk proportions (higher LL/ST values reflect relatively
longer lower limbs). The ratio of mean biacromial breadth (BAB:
cm) to mean BIB was taken as a measure of trunk shape (higher
BAB/BIB values reflect relatively broader shoulders). Finally, mean
triceps skinfold thickness (TST: mm) was taken as a measure of
subcutaneous fatness. The distributions of LL/ST and BAB/BIB in
juveniles were compared to distributions of adult population
means collected from the literature (LL/ST from Eveleth and Tanner,
1976 and Ruff et al., 2005; BAB/BIB from Hiernaux, 1985 and Ruff
et al., 2005).

We used generalized linear mixed models (GLMM) with
repeated measures in JMP Pro 12.0 (SAS Institute, 2015) to evaluate
the relationship between prediction error and body mass, as well as
the additional somatic variables. Because our sample comprises
pseudo-longitudinal observations (that is, age series of juveniles
from the same population), there may be a certain amount of
autocorrelation within each population (Cnaan et al., 1997; Dobson
and Barnett, 2008). To account for this autocorrelation, we
employed a first-order, autoregressive covariance structure. The
first GLMM examined the relationship between prediction error
and body mass, with body mass modeled as a fixed effect. The
second GLMM examined the relationship between prediction error
and the additional somatic variables, LL/ST, BAB/BIB, TST. All
possible interactions were modeled as fixed effects, while body
mass was modeled as a random effect. Males and females were
analyzed separately in both GLMMs.

error varied by sex and age, there were similar trends in both sets of
equations. In terms of mean %PE and range of %PE, female equations
were better predictors of female juvenile body mass than male
equations were of predicting male juvenile body mass. Compared to
male equations, female equations generated lower mean %PEs and
had reduced variance in %PEs. At younger ages (6—8 years), all
equations tended to underpredict body mass, while at older ages
(10—12 years), all equations tended to overpredict body mass. In the
initial equations, predictions for females were the most accurate
among 9 year olds (lowest relative and absolute %PE), and were
reasonably precise for 8 and 10 year olds (absolute %PE <10%).
Among males, predictions for 10 and 11 year olds were most accurate
(gauged by relative and absolute %PE, respectively). Predictions for
10 and 12 year old males also had an absolute %PE less than 10%.

The revised equations generated less accurate predictions
overall (Table 4). These inaccuracies were usually pronounced
underpredictions, particularly in males at age 6 years (Fig. 1).
However, the revised equations did have slightly lower %PE at
specific ages. Predictions for females were most accurate at 8 years
old by relative %PE and 9 years old by absolute %PE. Among males,
the revised equations were most accurate for 12 year olds.

Since the initial set of equations had greater accuracy than the
revised equations, we predicted body masses for female and male
juveniles with all three equations of the initial set (females, males,
and combined). Table 5 shows the relative %PE and the percentage
of cases under 20% PE for each equation by age and sex; Figure 2
shows boxplots of relative %PE for all three equations. Again,
body masses tended to be underpredicted at younger ages (6—8
years) and slightly overpredicted at older ages (10—12 years).
However, only at younger ages (6—8 years) did the majority of cases
have greater than 20% prediction error; for the female equation,
only 6 year olds failed to meet this performance criterion (Table 4).
In fact, the initial female equation generates prediction errors that
are less than 10% in the majority of test cases for all age groups,
except 6 year olds, in both females and males. The female equation
had the least variance in relative %PE, particularly at younger ages.
The most accurate predictions (lowest relative %PE) were achieved
in 9 year olds for the female equation, and in 10 year olds for the
male and combined equations.
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Table 4
Relative and absolute percentage prediction error for stature and bi-iliac breadth equations.
Sex Age (Years) Initial Equations?® Revised Equations”
Mean SD Range Mean SD Range
Relative ¥MPE Female 6 25.06 15.19 8.10 to 77.54 18.76 12.83 4.55 to 62.07
7 11.68 13.85 —5.23 to 50.09 7.57 12.16 —7.53 to 41.06
8 441 11.47 —14.30 to 40.37 147 10.32 —16.85 to 32.90
9 —-2.14 9.07 —24.50 to 26.78 —4.12 8.35 —26.07 to 21.65
10 —6.53 8.03 —28.17 to 23.12 -7.83 7.55 —29.18 to 19.06
11 -9.32 7.11 —32.96 to 11.37 -10.14 6.85 —33.52 t0 8.79
12 —10.55 6.54 —34.49 t0 0.39 -11.00 6.45 —34.81 to —0.33
Male 6 41.64 27.02 9.83 to 133.17 90.34 66.76 28.06 to 355.22
7 25.88 2491 —2.51 to 107.93 55.13 47.88 8.38 to 241.48
8 15.52 18.36 —9.23 to0 63.03 33.96 28.86 2.36 to 122.03
9 5.85 14.27 —18.89 to 37.99 17.47 2041 —11.58 to 66.70
10 —0.08 12.02 —23.63 to 37.22 7.83 15.85 —18.37 to 56.23
11 -3.10 11.14 —27.16 to 36.49 2.59 13.73 —23.28 to 51.31
12 —-5.12 10.90 —29.17 to 40.08 -1.15 12.73 —26.11 to 51.09
Absolute %¥MPE Female 6 25.06 15.19 8.10 to 77.54 18.76 12.83 4.55 to 62.07
7 13.06 13.49 0.41 to 50.09 10.04 10.91 0.32 to 41.06
8 8.60 8.70 0.44 to 40.37 7.59 7.05 0.62 to 32.90
9 7.25 5.76 0.50 to 26.78 745 5.50 0.90 to 26.07
10 8.45 5.92 1.12 to 28.17 9.15 5.83 0.48 to 29.18
11 10.17 5.79 0.91 to 32.96 10.72 5.87 0.41 to 33.52
12 10.57 6.51 0.28 to 34.49 11.00 6.45 0.33 to 34.81
Male 6 41.64 27.02 9.83 to 133.17 90.34 66.76 28.06 to 355.22
7 26.07 24.70 0.17 to 107.93 55.13 47.88 8.38 to 241.48
8 17.33 16.61 0.03 to 63.03 33.96 28.86 2.36 to 122.03
9 11.29 10.39 0.15 to 37.99 18.98 18.98 0.32 to 66.71
10 9.30 7.47 0.54 to 37.22 11.79 13.09 0.21 to 56.23
11 9.23 6.81 0.14 to 36.49 10.05 9.57 0.06 to 51.31
12 9.46 7.35 0.76 to 40.08 9.23 8.72 0.55 to 51.09
4 Male equation from Ruff (1994) and female equation from Ruff et al. (1997). SD = standard deviation.
b Male and female equations from Ruff et al. (2005). SD = standard deviation.
) Initial equations . Revised equations
T T
D Females 355 241 D Females
175 I:l Moles 175 ° I:l Males
150 150 °
o S ° §
§ 125 g § 125 ° %
5 . g :
g 100 g g 100 ° S
5 ° R E
S ° > 5 =)
E 75 (l: 75
o a
X 2 ° R
°>J 50 o 0>J 50 o ° °
E Pl - . o] B : 1 -
(9] ° (]
@ 25 é é ° . o 25 é o .
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AL T E R R R
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6 7 8 9 10 11 12 6 7 8 9 10 11 12
Age (years) Age (years)

Figure 1. Relative %prediction error boxplots by age and sex for “initial” equations (male equation of Ruff, 1994; female equation of Ruff et al., 1997) and “revised” equations (both
from Ruff et al., 2005). Female body masses were predicted with female equations, and male body masses were predicted with male equations. Boxes include 25—75% quartiles;
whiskers extend to farthest points less than 1.5 times interquartile range; circles indicate outliers, with two extreme outliers indicated by arrows; dashed line demarcates over- and

underprediction.

Overall, the initial female equation generated the most accurate
predictions for both female and male juveniles. Averaged across all
age groups, female masses were overpredicted by 1.04% (standard
deviation [sd 3.45%]) and male masses were overpredicted by 0.63%
(sd 3.32%). When body masses predicted by the initial female
equation were compared to observed body masses (Table 6), there
were no significant differences for either females or males at ages 8
and 9 years. Predicted body masses are most distinct from observed

mean body masses in the youngest or oldest examined ages in both
sexes.

3.2. Effects of differences in proportions

Significant differences in both LL/ST and BAB/BIB were observed
between multiple juvenile age groups (Supplementary Online
Material [SOM]| Table S1), as well as between certain juvenile
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Relative percentage prediction error for initial stature and bi-iliac breadth equations?

Sex Age Female Equation Male Equation Combined Equation
(Years) “Van  sD Range %PE <20% Mean  SD Range %PE <20% Mean  SD Range %PE <20%
Female 6 2506 1519  8.10to 77.54 36 4452 3357 12.04to 177.76 9 4865 3394  17.22 to 183.69 9
7 1247 1405 —523 to 50.09 77 2811 3355  0.10to 159.53 38 2986 3131 1.87 to 143.39 31
8 441 1147 —14.30 to 40.37 86 1696 2398 —14.02to 111.03 61 1808 2242 1125 to 98.05 54
9 214 907 -2450to026.78 97 697 1762 -26.82to070.78 72 769 1653 —24.61 to 62.55 72
10 ~653 803 -28.17t023.12 97  —072 1375 —32.29to37.56 90  -007 13.05 -30.29to 38.25 90
11 932 711 -3296t011.37 100  -556 1170 —37.14to 26.95 93 -498 11.03 -3553 to 23.04 93
12 -1055 654 —34.49t00.39 100 -853 1009 —3853 to18.38 100 -796 947 -37.14t0 1525 100
Male 6 2501 1430 502 to 62.56 27 4164 2702 983to0133.17 9 4581 2746  12.77 to 138.07 9
7 1250 1513 —4.94 to 64.22 76 2588 2491 -2.51to107.93 28 2821 2540 —0.42to 1154 20
8 450 1147 -8.71to 42.09 92 1552 1836 923 to 63.03 46 1680 1827  6.26 to 68.42 42
9 199 906 —17.15to21.37 92 585 1427 —18.8 to37.99 73 672 1403 —16.64to 38.98 73
10 562 820 —21.65t021.30 96 —008 1202 -23.63t037.22 88 066 11.80 —21.78 to 37.68 88
11 _758 812 -2491t022.77 96  -3.10 11.14 -27.16 to 36.49 96  -254 1089 -25.55t036.79 96
12 _837 830 —2627t02921 96  -512 1090 -29.17 to 40.08 96 —463 1062 -27.61t040.42 96

4SD = standard deviation; %PE = relative percentage prediction error.

ages and adults (Fig. 3). Younger juveniles had significantly lower
LL/ST ratios than adults, indicating shorter lower limbs relative to
stature. Older juveniles tended to have higher LL/ST ratios than
adults (longer lower limbs relative to stature), but these differences
were not significant. For BAB/BIB ratios, female adults had signifi-
cantly lower ratios (greater hip breadth relative to shoulder
breadth) than many female juvenile age groups (ages 7, 9—11
years), while the only significant difference observed in males was a
higher ratio in adults (greater shoulder breadth relative to hip
breadth) compared to 6 year olds.

Parameter estimates for both general linear mixed models are
presented in Table 7. The first model reveals a significant negative
relationship between body mass and prediction error for both fe-
males (p < 0.0001) and males (p < 0.0001). The second model
shows there are few significant relationships between prediction
error and the additional somatic variables. Among females, there is
a significant positive relationship between prediction error and the
interaction of LL/ST and BAB/BIB (p = 0.0285). Among males, there
is a significant negative relationship between prediction error and
LL/ST (p = 0.0034) and significant positive relationships between
prediction error and BAB/BIB (p = 0.0178) and the interaction be-
tween LL/ST*BAB/BIB (p = 0.0105). In females, LL/ST has the
strongest total effect (0.357); in males, BAB/BIB and LL/ST have
similarly strong effects (0.295 and 0.251, respectively). Tricep
skinfold thickness did not have a significant relationship with
prediction error in either males or females. SOM Table S2 shows the
main and total effects for each parameter, and marginal model plots
for the second model are shown in SOM Figure S1.

4. Discussion

Based on our results, juvenile male and female body masses are
most accurately predicted (as gauged by prediction error) using the
female ST-BIB equation of Ruff et al. (1997). Mean %PEs for this
equation are considerably lower than those observed for mechan-
ical equations evaluated by Ruff with a juvenile test sample (Ruff,
2007; his Fig. 2). Since the majority of cases have %PE less than
10%, the initial female equation would even meet the more rigorous
performance criterion proposed by Ruff et al. (2005), exceeding the
more lenient standard utilized in this study and other studies
evaluating prediction equations (e.g., Dagosto and Terranova, 1992;
Aiello and Wood, 1994; Elliott et al., 2016a,b). Relative to the other
prediction equations (Table 3), this equation has the highest ST

coefficient, the second lowest BIB coefficient, and the second
highest intercept. Thus, in the Ruff et al. (1997) female equation, the
impact of stature is maximized, the impact of bi-iliac breadth is
minimized, and the intercept makes a relatively small adjustment.
The much lower intercepts of the male equations likely drive the
observed underprediction of juvenile body masses.

The female equation of Ruff et al. (1997) also differs from the
other equations in its reference sample composition: it has the
smallest grand mean and the most overlap with the juvenile test
sample. Mbuti (x = 38.2 kg), West Aka (X = 42.7 kg), and Australian
Aboriginal (X = 45.4 kg) female samples used in Ruff (1994) and
Ruff et al. (1997) are all smaller than the most massive juvenile
sample (12 year old females from Berkeley, CA [X = 46.1 kg]). Due to
this overlap, predicting juvenile body masses requires less extrap-
olation with the initial female equation than the other equations
tested. Still, even the most accurate morphometric equation
consistently overpredicts body mass in the inferred size range of
australopiths (Fig. 2, Table 6), as well as in two of the three afore-
mentioned small-bodied adult female populations (West Aka and
Australian Aboriginal female populations are overpredicted by
1.1 kg and 5.6 kg, respectively).

The choice of regression model may be one factor contributing
to the consistent overprediction of body mass in older juveniles. All
ST-BIB prediction equations examined in this study are multiple
regression equations that employ ordinary least squares (OLS;
Model I) to optimize regression parameters. There is substantial
debate about the most appropriate regression method for predic-
tion (Konigsberg et al., 1998; Warton et al., 2006; Smith, 2009), but
OLS may be particularly unsuitable for extrapolation, as this
regression model biases predicted values toward the mean of the
reference sample, particularly in instances of extrapolation. Still,
Grabowski et al. (2015) argue that the reduced variance in body
masses predicted through OLS may be desirable if the objective of
the study is a comparison of body mass variation among several
taxa. In other contexts, many authors have suggested that reduced
major axis (Model II) regression is more appropriate than OLS in
extrapolation (Ricker, 1973; Jungers, 1988b; Aiello, 1992; Ruff,
1998). “Classical” calibration (regressing the predictor variable on
body mass and then solving for body mass) has also been proposed
as the best option to minimize the effects of extrapolation
(Konigsberg et al., 1998; Hens et al., 2000). Although there is no real
consensus on the most appropriate regression method in extrap-
olation, multivariate OLS regression (and, therefore, ST-BIB
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Table 6
Body masses (BM) predicted with initial stature and bi-iliac breadth equations®.
Sex Age (Years) Mean Observed BM SD Mean Predicted BM SD Range Mann—Whitney U p-value
Female 6 194 1.7 15.8 2.6 9.4-20.3 65.0 0.0000
7 214 2.2 194 3.5 12.3-25.1 518.0 0.0156
8 233 2.6 22.7 4.0 14.5-30.2 772.0 0.5281
9 25.9 3.2 26.7 4.5 17.4-34.7 769.5 0.3163
10 29.1 3.8 313 49 19.9-39.6 627.0 0.0228
11 32.6 4.6 36.1 5.6 244-453 517.0 0.0027
12 36.8 5.2 413 5.7 29.0-50.9 515.0 0.0004
Male 6 20.0 1.5 16.3 2.7 10.5-20.9 63.5 0.0000
7 22.1 2.2 20.0 3.5 11.4-25.5 466.0 0.0079
8 241 25 234 3.9 14.4-30.1 687.0 0.4655
9 26.7 3.0 27.6 43 18.2—-34.7 655.0 0.2940
10 29.3 35 313 4.6 21.3-39.0 526.0 0.0422
11 32.2 4.3 35.0 5.0 24.1-429 503.0 0.0102
12 355 4.7 38.9 5.2 28.0-474 526.0 0.0036
2SD = standard deviation.
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Figure 3. Boxplots of lower limb length/stature (LL/ST) and biacromial/bi-iliac breadth (BAB/BIB) by age and sex. Adult LL/ST ratios were derived from data published by Eveleth and
Tanner (1976) and Ruff et al. (2005). Adult BAB/BIB ratios were derived from data published by Hiernaux (1985) and Ruff et al. (2005). Boxes include 25—75% quartiles; whiskers
extend to farthest points less than 1.5 times interquartile range; circles indicate outliers. Asterisks indicate significant differences between juvenile and adult sex-specific means.

morphometric equations) will tend to overpredict values beyond
the lower bound and underpredict values beyond the upper bound.
It is possible that ST-BIB equations reformulated with other, non-
OLS multivariate regression methods (see Konigsberg et al., 1998;
Hens et al., 2000; Uhl et al., 2013) would not generate over-
predictions beyond the lower bound of the reference sample, but
this reformulation of morphometric equations is beyond the scope
of the present study.

Investigating the predictive accuracy of morphometric equa-
tions is particularly important, as they have been used as a
comparative baseline for evaluating mechanical prediction equa-
tions. Auerbach and Ruff (2004) demonstrate consistent over-
prediction of mass by mechanical (femoral head dimensions)
relative to morphometric (ST-BIB) methods. Jungers et al. (2016)
highlight major body mass overprediction by Will and Stock
(2015) due to their reliance on femoral head-based mechanical
methods. Using a small-bodied sample, Kurki et al. (2010) found
that, with the exception of McHenry's (1992) femoral head equa-
tion, mechanical equations tend to generate greater predicted body
masses than morphometric equations. For this reason, both
Auerbach and Ruff (2004) and Kurki et al. (2010) recommend that
McHenry's (1992) femoral head equation be used for small-bodied
samples, particularly when stature and bi-iliac breadth cannot be

reconstructed with confidence (although between-species differ-
ences in hip abductor mechanics may still require the use of
correction coefficients when applying femoral head mechanical
prediction equations to australopiths; see Ruff, 2015). Since
morphometric methods also overpredict body mass in small-
bodied fossil hominins, our results suggest that the degree of
overprediction by mechanical methods (including McHenry's
[1992] equation) may be greater than previously recognized. It
should be noted that the congruence of predictions from alterna-
tive methods does not sufficiently address the accuracy of the
prediction equations (i.e., whenever possible, predictions should be
compared to observed values rather than other predictions).

It is possible to visualize the consistent overprediction for most
of our sample by plotting prediction error against body mass and
using a locally weighted smoothing regression (Fig. 4). At the
smallest sizes, body mass is underpredicted. Error decreases until
~25 kg, when body mass is well predicted. From 25 kg to 30 kg,
prediction error again increases (now as overpredicted masses) and
then stabilizes at about 4 kg over the remaining range of the test
sample. In the estimated range of australopith body mass, body
masses are consistently overpredicted.

The strong effects of LL/ST and BAB/BIB in the linear mixed
models demonstrate that body proportions are important
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Table 7
Parameter estimates, standard errors (SE), denominator degrees of freedom (Den
df), t ratios, and probabilities (Pr > |t|) for GLMM models®.

Sex Model term Estimate SE Dendf tratio Pr> |t

Model 1

Female Intercept 8.77 0.71 184.7 1235 <0.0001
BM -0.34 0.02 2621 -15.38 <0.0001

Male Intercept 9.20 081 1929 11.29 <0.0001
BM -0.34 0.03 2535 —13.15 <0.0001

Model 2

Female Intercept 5.63 10.74 57.3 0.52 0.6023
TST 0.10 0.18 58.8 057  0.5697
LL/ST —35.65 19.38 56.9 -1.84 0.0711
TST*LL/ST 0.99 10.02 56.5 0.10 09217
BAB/BIB 6.66 4.51 58.0 148  0.1448
TST*BAB/BIB 3.09 2.39 56.5 1.29  0.2007
LL/ST*BAB/BIB 946.93 42231 62.1 224  0.0285
TST*LL/ST*BAB/BIB  215.82 165.24 58.0 1.31 0.1967

Male Intercept 497 10.21 55.7 0.49 0.6285
TST 0.20 0.15 57.3 1.29  0.2037
LL/ST —58.18 19.12 65.3 -3.04 0.0034
TST*LL/ST —18.47 9.88 59.2 -1.87 0.066
BAB/BIB 14.68 6.01 54.3 244  0.0178
TST*BAB/BIB 2.54 1.87 57.8 136  0.1796
LL/ST*BAB/BIB 691.67 262.01 61.5 264 0.0105
TST*LL/ST*BAB/BIB ~ 227.77 128.31 58.0 1.78  0.0811

BM = body mass; TST = triceps skinfold thickness; LL = lower limb length;
ST = stature; BAB = biacromial breadth; BIB = bi-iliac breadth.

considerations for morphometric prediction methods, as they
represent another mode by which a test sample may differ from the
reference population. The importance of these variables corre-
sponds well with recent model-fitting analyses performed by
Schaffer (2016), who found that regression models that included
some combination of BAB, BIB, and sitting height had more
explanatory power than the ST-BIB equation in six modern pop-
ulations. Unfortunately, while it may be possible to collect these

additional measurements in some forensic contexts, it is not
possible to measure BAB or sitting height from fully skeletonized
remains (as discussed further below), and they are, therefore, not
practical for archeological or paleontological applications.

In our test sample, significant differences from adults in LL/ST
ratios likely drive high prediction errors in the youngest age groups
(6—8 years) of our sample (Fig. 3, SOM Table S1). All equations
examined in this study have the greatest prediction error in these
groups, which can also be seen in Figure 4. These errors could be
caused solely by extrapolation beyond the observed range of adult
body masses, as the body masses at these ages are much smaller
than any of the adult reference samples. However, body masses in
the youngest juveniles are strongly underpredicted, which is
opposite of what we would expect when extrapolating beyond the
observed range of an OLS regression equation. Rather than being
driven by extrapolation, it seems more likely that prediction errors
for the youngest ages are caused by significant differences in body
proportions. In addition to significantly lower LL/ST ratios than
adults, 6—8 year olds also have high sitting height/stature ratios
(Martorell et al., 1988). When applied to a sample with propor-
tionally shorter lower limbs and longer trunks (such as 6—8 year
olds), prediction equations derived from adult reference samples
would tend to underpredict the mass of juveniles.

At 9 years of age, LL/ST ratios resemble those of adults (Fig. 3,
SOM Table S1). Beyond 9 years old, pubertal acceleration of growth,
with attendant changes in body proportions, may also increase
prediction error (manifested as overprediction). Although there is
considerable variation within and between human populations in
the timing, intensity, and duration of developmental events,
growth data on American children (who are presumably well-fed
and in generally good health) provide some idea of the early age
range of these events. American girls may enter puberty (and the
adolescent growth spurt) as early as 8 years of age (Lee, 1980), and
reach peak growth velocity (in stature), on average, at 11 years of
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Figure 4. Local regression (LOESS) of prediction error (smoothing factor = 0.5) of the “initial” female equation (Ruff et al., 1997) to observed body mass. 95% confidence interval of
regression indicated by dark gray region. White circles indicate females; gray circles indicate males. With the juvenile test sample, the ST-BIB prediction equation consistently

overpredicts body masses across the estimated body mass range of australopiths.
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age (Bock et al., 1973). American boys may begin the adolescent
growth spurt by 9.7 years of age (Lee, 1980), and reach peak growth
velocity (in stature) around age 13 (Bock et al., 1973). Our oldest-
aged samples (10—12 years) capture the early stages of puberty
for both sexes, during which lower limb length growth velocity
surpasses that of trunk length (Buckler, 2012). Additionally, this
peri- and post-pubescent period is associated with marked in-
creases in absolute and relative muscle mass (McCammon, 1970;
Ruff, 2003; Malina et al., 2004), suggesting that even the children
in our oldest age groups possess relatively much lower muscle
masses than the adults in the reference sample. Accordingly, the
adult-based prediction equations may overpredict mass in older,
relatively long-legged, and relatively smaller-muscled juveniles.
Though children in our youngest age groups (for whom mass is
underestimated) are also expected to possess relatively low muscle
masses (compared to adults and older children), we suspect — if
relative muscle mass is indeed a factor in body mass estimation
error — that the effect of limb proportions predominates. The effect
of limb proportions in older children is hinted at in the LL/ST ratios
of Figure 3: the oldest-aged samples have higher mean LL/ST ratios
than adults (though the differences are not statistically significant).
In later adolescence (beyond the range of our samples), trunk
length growth velocity is greater than leg length growth velocity
(Buckler, 2012), and late adolescents increasingly assume adult
body proportions and muscle mass. Thus, prediction errors would
likely trend toward zero if 13—18 year old groups were analyzed.

Based on results of the linear mixed models, LL/ST has the
strongest influence on prediction error of the examined somatic
variables. This is promising for the potential application of
morphometric equations to fossil hominins, since LL/ST ratios can
be reasonably estimated from relatively complete fossil specimens.
It is possible that novel prediction equations could be generated
using bi-iliac breadth, sitting height, and lower limb length; these
equations may be more reliable in populations with different lower
limb or trunk proportions.

Biacromial breadth/bi-iliac breadth is also a significant factor
(either alone or in interaction with LL/ST) in both linear mixed
models. However, in contrast to LL/ST, anthropometric biacromial
breadth is not possible to calculate from skeletal elements alone
(Ruff, 1991; Ruff et al., 2005), though some studies have calculated
biacromial breadth solely from osteological measurements (e.g.,
Eyre, 2014). If BAB cannot be estimated for fossil hominins, then
differences between modern humans and fossil taxa in shoulder-
to-hip ratios could potentially generate large over- or under-
predictions of body mass. This issue might be addressed by
examining the relationship between osteological measurements
(clavicle length, manubrium width) and anthropometric biacromial
breadth to develop a correction factor, similar to one used to
convert skeletal bi-iliac breadth to living bi-iliac breadth (Ruff et al.,
1997). Applying morphometric prediction equations to samples
with different BAB/BIB ratios (such as non-human hominids) would
also be informative.

When considering application to fossil taxa, differing BAB/BIB
proportions appear to be more problematic than differing LL/ST
proportions. However, the direction of significant differences be-
tween BAB/BIB ratios in juveniles and adults (Fig. 3) gives some
indication that this ratio may be less problematic for the adult fe-
male prediction equation. In our sample, when female juvenile
BAB/BIB ratios are significantly different from female adults (at ages
7, and 9—11), the juveniles have higher BAB/BIB ratios than the
adults. Since many fossil hominins have very broad and laterally
flaring ilia (Ruff, 1991; Simpson et al., 2008; Kibii et al., 2011;
Arsuaga et al., 2015; Berger et al., 2015), they may have broader
hips than shoulders, and thus BAB/BIB ratios that are more similar

to adult females than adult males (or any of the juvenile age groups
observed here). This similarity may reduce error caused by pro-
portional differences, and supports applying an adult female
equation to fossil hominins (although it is certainly possible that
some fossil specimens have significantly lower BAB/BIB ratios than
adult females).

As a soft tissue metric, triceps skinfold thickness (TST) cannot be
estimated for fossil specimens. Although TST does not have a sig-
nificant effect on prediction error for this sample, we are cautious to
interpret this as evidence that subcutaneous fat is not a potential
source of error in body mass prediction, as other studies have found
that fat mass has a strong effect on predictive accuracy (Lorkiewicz-
Muszynska et al., 2013; Schaffer, 2016). Other studies have noted
the tendency for increasing accumulation of adipose tissue
throughout adulthood (Hruschka et al., 2014), so it is also possible
that juveniles likely do not have as much subcutaneous fat as adults
(particularly older adults). If so, juveniles are not likely be the most
representative sample for evaluating the relationship between
prediction error and subcutaneous fat.

Finally, we offer some cautionary comments concerning the
construction and use of morphometric body mass prediction
equations. For fossil specimens, both predictor variables (stature
and bi-iliac breadth) need to be derived from prediction equations
generated from modern reference samples. There are many pub-
lished prediction equations for stature (e.g., Jungers, 1988b;
Konigsberg et al., 1998; Hens et al., 2000; Raxter et al., 2006,
2007). Because bi-iliac breadth in the ST-BIB equation is effec-
tively living bi-iliac breadth (rather than osteological bi-iliac
breadth), it also needs to be predicted for skeletonized remains
using an equation derived from a modern reference sample (Ruff
et al, 1997; Ruff, 2010). Though mean predicted values might be
very accurate, the statistical uncertainty surrounding these pre-
dictions grows substantially as predicted values (stature and living
bi-iliac breadth) are incorporated into subsequent predictions
(body mass). Martin (1990) has warned against the practice of
layering predicted values on top of one another, and Elliott et al.
(2016b) recently expressed similar concern. Future work should
attempt to reduce the reliance on predicted values for morpho-
metric prediction equations, similar to equations published by Ruff
(2007) that use bi-iliac breadth and long bone lengths (rather than
stature) to predict body mass. We believe these developments are
particularly important for predicting body mass in archeological
and paleontological contexts. Additionally, these results suggest
that morphometric prediction methods may have some utility in
forensic or bioarcheological contexts in which juvenile body mass is
of interest, though not without limitation. With respect to forensic
applications, it is important to remember that while mass predic-
tion techniques (whether mechanical or morphometric) may do a
reasonable job of predicting the average mass of individuals with
certain skeletal dimensions, their prediction errors tend to make
them relatively poor estimators of the mass of a given individual.
When combined with uncertainty about the body composition
(that is, fat mass) of an unknown individual, predicting the mass of
individuals in forensic cases — especially juvenile individuals —
should be done with extreme caution. In bioarcheological contexts,
in which juvenile body size may be of interest, we encourage the
direct comparison of skeletal dimensions (e.g., femoral head di-
ameters) between samples as a means of avoiding the unwanted
addition of prediction error into comparative analyses.

5. Conclusions

Determining the reliability of morphometric equations when
applied to small-bodied fossil hominins hinges largely on resolving
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sources of prediction error. We have argued that the systematic
overprediction of body mass in juveniles aged 9—12 years
(20—46 kg) is in part caused by extrapolation beyond the range of
observed body masses in the adult reference sample. As morpho-
metric equations are OLS multiple regression equations, extrapo-
lation beyond the lower bound of the reference sample will
generally result in overpredicted values (Smith, 1984). Over-
prediction in these age groups may also be related to relatively
longer lower limbs and lower muscle mass than the adult modern
human reference samples.

Body masses in younger age groups (6—8 years) are generally
underpredicted; we believe this is most likely a result of significant
differences in lower limb length/stature proportions. Ratios of BAB/
BIB and TST do not have as obvious (or significant, in the case of
TST) effects on prediction error as LL/ST, which is encouraging, as
these somatic variables are difficult or impossible to measure in
fossil taxa.

The results of this study demonstrate that morphometric body
mass prediction equations derived from adult human samples (and
especially adult female samples) generate reasonably accurate
predictions of body mass when applied to juvenile human remains.
Morphometric prediction equations may be acceptable tools for
predicting body mass of small-bodied fossil hominins, provided the
fossil specimens are complete enough to permit assessment of
body proportions (such as LL/ST) as well as reliable predictions of
stature. Future work should focus on generating equations that do
not rely on predicted values (living bi-iliac breadth and stature) as
input. For example, replacing stature with long bone lengths (as in
Ruff, 2007) would help reduce the statistical uncertainty around
predicted body masses. Evaluating morphometric equations with
data from non-human great apes (an extreme case of extrapolation)
would help elucidate the effects of differences in body proportions
on prediction error. Finally, efforts to generate prediction equations
from juvenile samples would likely help alleviate prediction error
induced by extrapolation beyond the lower bound of body masses
in the reference sample.
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