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Ontogenetic adaptation to bipedalism: age changes in
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humans, with a comparison to baboons

Christopher Ruff*

Center for Functional Anatomy and Evolution, Johns Hopkins University School of Medicine, 1830 E. Monument St., 3rd Floor,
Baltimore, MD 21205, USA

Received 9 May 2003; accepted 21 August 2003

Abstract

The increase in lower/upper limb bone length and strength proportions in adult humans compared to most other
anthropoid primates is commonly viewed as an adaptation to bipedalism. The ontogenetic development of femoral to
humeral proportions is examined here using a longitudinal sample of 20 individuals measured radiographically at
semiannual or annual intervals from 6 months of age to late adolescence (a subset of the Denver Growth Study sample).
Anthropometric data (body weights, muscle breadths) were also available at each examination age. Results show that
while femoral/humeral length proportions close to those of adults are already present in human infants, characteristi-
cally human femoral/humeral diaphyseal strength proportions only develop after the adoption of bipedalism at about
1 year of age. A rapid increase in femoral/humeral strength occurs between 1 and 3 years, followed by a slow increase
until mid-late adolescence, when adult proportions are reached. When age changes in material properties are factored
in, femoral strength shows an almost constant relationship to body size (body mass-bone length) after 5 years of age,
while humeral strength shows a progressive decline relative to body size. Femoral/humeral length proportions increase
slightly throughout growth, with no apparent change in growth trajectory at the initiation of walking, and with a small
decline in late adolescence due to later growth in length of the humerus. A sex difference in femoral/humeral strength
proportions (females greater) but not length proportions, develops early in childhood. Thus, growth trajectories in
length and strength proportions are largely independent, with strength proportions more responsive to actual changes
in mechanical loading. A cross-sectional ontogenetic sample of baboons (n=30) illustrates contrasting patterns of
growth, with much smaller age changes in proportions, particularly strength proportions, although there is some
indication of an adaptation to altered limb loadings early in baboon development.
© 2003 Elsevier Ltd. All rights reserved.
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Introduction

An association within primates between loco-
motor mode and the relative lengths of the fore
and hindlimb bones has long been recognized
(Schultz, 1937; Erikson, 1963; Napier and Napier,
1967; Jungers, 1985). Intermembral differences in
limb bone circumferences (Schultz, 1953) and
strengths (Schaffler et al., 1985; Demes and
Jungers, 1993; Connour et al., 2000; Ruff, 2002)
have also been related to locomotion. Within
this context, it is natural that changes within the
hominin lineage in the relative size of the upper
and lower limb bones have been viewed as key
markers in the evolution of bipedalism (McHenry,
1978; Johanson et al., 1982; Jungers, 1982;
Wolpoff, 1983; Hartwig-Scherer and Martin, 1991;
McHenry and Berger, 1998; Asfaw et al., 1999;
Richmond et al., 2002). However, despite some
recent advances in developmental genetics
(Hamrick, 2001; Hallgrimsson et al., 2002), rela-
tively little is known about the specific mechanical
or other factors that contribute to differentiation
of upper and lower (or fore and hind) limb bone
dimensions during growth in humans or other
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primates. Such information is critical for func-
tional and phylogenetic interpretations of fossil
limb bone proportions (Ward, 2002).

Modern human adults are distinct from most
other primates in having relatively very long and
strong lower limb bones compared to upper limb
bones (Schultz, 1953; Jungers, 1985). Fig. 1 com-
pares femoral to humeral proportions in maximum
length and section modulus (a measure of bone
strength—see below) in a sample of 100 modern
humans and 179 nonhuman catarrhines (all
adults). Species in the nonhuman sample include
all of the great and lesser apes, three cerco-
pithecines, and four colobines (Ruff, 2002); hu-
mans are a mixed Amerindian/East African sample
representing a diversity of body shapes (Ruff,
1995, 2000). Confirming earlier studies, human
adults have longer femora relative to humeri than
the great majority of other catarrhines (Fig. 1A),
overlapping in proportions only with some colo-
bines (Presbytis rubicunda, Trachypithecus cristata,
and Colobus guereza) who engage in frequent
leaping behavior (Ruff, 2002) (P. rubicunda, the
most specialized leaper, actually exceeds humans
in femoral/humeral length proportions). Human
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Fig. 1. Femoral to humeral length (A) and strength (B) proportions in 100 modern humans (open circles) and 179 nonhuman
catarrhines (filled squares). Human sample from Ruff (1995); nonhuman primates from Ruff (2002). Femoral polar section modulus
determined at midshaft, humeral polar section modulus at 40% of bone length from the distal end (see text and Ruff, 2002, for
definitions). All data natural log-transformed. An isometric line of equivalence between femoral and humeral dimensions is plotted for
reference. Note that data overlap obscures some individual points in both human and nonhuman samples.
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adults also have stronger femora relative to humeri
than almost all other nonhuman primates in this
sample (Fig. 1B), again overlapping slightly only
with some colobines (P. rubicunda and C. guereza)
as well as mountain gorillas (Gorilla gorilla ber-
ingei), the least “forelimb dominant” of the apes
(Ruff, 2002). Interestingly, while there are many
significant interspecific differences in intermembral
proportions between primate species (e.g., see
Jungers, 1985; Ruff, 2002), within all of the species
included here both length and strength propor-
tions are isometric, i.e., the log-log reduced major
axis slopes within species are nonsignificantly
different from 1.0.

While comparisons such as those shown in
Fig. 1 can delineate patterns of variation in adult
individuals and suggest possible locomotor corre-
lates, more information on the determinants of
such differences can be obtained by examining
ontogenetic trajectories. For example, in terms of
bone lengths, it is known that interspecific differ-
ences in intermembral proportions develop prior
to birth, presumably before any direct locomotor-
related mechanical effects (Scammon and Calkins,
1929; Lumer, 1939; Schultz, 1973; Buschang,
1982b) (although differential muscular action can
affect long bone growth even in utero [Hall and
Herring, 1990]). However, some intermembral
proportional differences between species are
increased or exaggerated via differential postnatal
growth of the limbs, during which they are used
for locomotion (Lumer, 1939; Schultz, 1973;
Buschang, 1982b; Jungers and Hartmann, 1988).
Thus, it is possible that development of adult
intermembral length proportions is in part depen-
dent on normal mechanical usage of the limbs.
(Additional studies bearing on this issue are
reviewed in the Discussion.) Characterization of
ontogenetic trajectories is also important for
interpreting juvenile fossil remains, especially
when those remains are evaluated within the
context of adult comparative samples (Ruff
and Walker, 1993; Richmond et al., 2002; Ruff,
2002; Ruff et al., 2002). More generally, analysis
of ontogenetic data can give important insights
into the timing of life history events and their
evolution (Smith, 1993; Leigh, 1996; Bogin,
1999).

While limb bone length proportions have
been included in a number of ontogenetic
studies (Lumer, 1939; Gavan, 1971; Schultz, 1973;
Jungers and Fleagle, 1980; Shea, 1981; Buschang,
1982a,b; Jungers and Susman, 1984; Jungers and
Hartmann, 1988), other limb bone dimensions
have received relatively little attention. Growth
in bone breadths of individual long bones has
been documented radiographically in living
humans (Maresh, 1961, 1966; Johnston and
Malina, 1966; Malina and Johnston, 1967; Tanner
et al., 1981); however, none of these studies specifi-
cally examined proportional changes in upper to
lower limb dimensions. In addition, none included
actual bone strength measures (i.e., section
moduli). Only one study to date has examined
intermembral proportional changes in such prop-
erties (Sumner and Andriacchi, 1996), and it was
of an archacological sample. While this study
produced some very interesting results, discussed
later in this paper, it was by necessity limited in
several respects—relatively small sample sizes
within age groups, especially in adolescence, poss-
ible bias due to differential survival, imprecise age
estimates, no sex assessments prior to adolescence,
and no soft tissue measurements for comparison
(e.g., muscle breadths, body mass). In addition, of
course, like almost all of the in-vivo studies (with
the exception of Tanner et al., 1981), this study
was cross-sectional rather than longitudinal in
design, further increasing chances for nonrandom
sampling of different age group categories.

The present study employs a longitudinal sam-
pling of children derived from the Denver Growth
Study sample (McCammon, 1970) to examine
ontogenetic changes in femoral to humeral length
and strength proportions in humans from infancy
to late adolescence. The Denver sample has been
used for a number of skeletal growth studies
(Maresh, 1970, and references therein; Pritchett,
1988, 1992), although, aside from Buschang’s brief
analyses (Buschang, 1982a,b), not for the study of
upper to lower limb bone proportions per se. Bone
dimensional data were obtained from radiographs
taken as part of the original study. In addition,
muscle breadths and body weights for the same
individuals were obtained from the study archives.
Because dimensions were available both prior to
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the initiation of walking as well as during the early
period of bipedal support, they can be used in a
kind of “natural experiment” to study the effects of
a relatively abrupt change in locomotor patterns
on intermembral proportions. The use of the same
individuals throughout the entire age range also
largely eliminates the problem of nonrandom
sampling within age groups. Correlations between
individual growth velocities in bone, muscle, and
body size parameters in this sample have been
reported elsewhere (Ruff, 2003). The present study
is mainly concerned with mean trends in inter-
membral proportions throughout growth, al-
though comparisons between males and females
are also carried out. In addition, comparisons are
carried out between this sample and an onto-
genetic sample of baboons, which can be taken as
a quadrupedal “baseline” against which to com-
pare the effects of bipedalism. Some preliminary
analyses of this latter sample have been presented
previously (Ruff, 2002, 2003).

Materials and methods

Samples

The Denver Growth Study was carried out
between 1927 and 1967 (McCammon, 1970),
although all of the individuals included here were
measured after 1940. Subjects in the study were of
European ancestry and of middle to upper middle-
class socioeconomic status. They were examined
from two months of age until late adolescence/
early adulthood, at 2-month intervals to six
months, semiannually from six months to mid-
adolescence, and annually thereafter. As part of
the examination, a battery of anthropometric
measurements were taken, as well as radiographs
of the chest and extremities (Hansman, 1970;
Maresh, 1970). Twenty individuals—10 males and
10 females—with relatively complete radiographic
records for the extremities were identified from
among the archived radiographs housed at the
Lifespan Health Research Center of the Wright
State University School of Medicine (Dayton,
Ohio). All individuals had at least one measurable
femoral and humeral radiograph at six months of

age or earlier, and a radiographic record through
at least 17 years of age (in one case, a female,
through 16.5 years).

Missing data—due either to a missing examin-
ation or an unusable radiograph (see below)—were
estimated through linear interpolation (averaging)
over adjacent examinations. This is justified given
the close temporal spacing of the data and visual
inspection of resulting individual age curves, which
indicated approximate linearity over these short
intervals. The total number of missing data esti-
mated through interpolation was 7% for the femur,
and 14% for the humerus. In no case were any data
estimated through extrapolation, i.e., at the begin-
ning or end of an individual’s age range. Because
data prior to 6 months of age were some of the
most frequently missing (and would usually neces-
sitate extrapolation to estimate), only data from
six months and older were used here. After 14
years of age progressively smaller subsets of the
study sample had data available for semiannual
examinations. Therefore, to avoid differential sam-
pling within age intervals, only annual (i.e., 15, 16,
and 17 year) data were included in this age range.
As noted earlier, in one individual the last exami-
nation was at 16.5 years; this was used as the
17 year data point for this person. Fourteen of the
20 individuals in the sample, evenly divided by sex,
had usable radiographs from examinations beyond
17 years, with the last examination ranging in age
from 18 to 21.5 years (mean, 19.0 years). To
include these older data in the comparisons, the
mean difference in measurement values between
the 17 year and oldest available examination was
calculated for these 14 individuals, then used along
with mean 17 year values for the total sample
to estimate mean “19 year old” data values for
the sample. For sex-specific analyses, sex-specific
values were used in the same procedure. Thus, a
total of 32 age points were included in the study,
taken at 6 month intervals from 6 months to 14
years and at yearly intervals from 14 to 17 years,
plus the 19 year old data point. All 20 individuals
in the sample are represented at each age point
(except 19 years).

The sample of baboons (Papio cynocephalus)
used for comparison was derived from the collec-
tions of the Department of Mammology, Kenya
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National Museums. All were wild-shot, and
originate from southern Kenya (near Kibwesi). A
total of 40 individuals were measured (Ruff, 2002);
of these, 30 were used here, including juveniles
and young adults. Juveniles were aged using
baboon dental eruption standards (Reed, 1967,
Phillips-Conroy and Jolly, 1988; Kahumbu and
Eley, 1991). Twenty individuals (10 males and 10
females) had at least one unfused long bone epi-
physis and were used previously as a juvenile
sample (Ruff, 2002); this sample ranged in age
from 7 months to 7.5 years. Three additional
individuals had fused epiphyses but not fully
erupted dentitions, and could be aged to 6.7 years
(a female), 8 and 10 years (males). Seven other
individuals (4 males and 3 females), had fully
erupted dentitions but very little dental wear
(similar to that of the oldest “dental juveniles”);
these were assigned an arbitrary age of 10 years.
Body weights were available for all individuals. All
long bone epiphyses were present and were used
to reconstruct maximum bone lengths. Bone
structural properties were determined from direct
and computed tomographic measurements, as
described previously (Ruff, 2002).

Measurements

As described in the original reports for the
Denver Growth Study (Maresh, 1943, 1955), A-P
radiographs of the limbs were taken using a long
tube-film distance (2.3 meters) to minimize radio-
graphic distortion. Remaining radiographic
enlargement of bone (and muscle—see below)
breadths was estimated using information pre-
sented in Green et al. (1946), adjusted for differ-
ences in tube-film distance, as described in detail
elsewhere (Ruff et al., 2002). Proper (A-P) orien-
tation of radiographs was ascertained by observing
the position of bony landmarks such as the medial
and lateral humeral epicondyles; films with evi-
dence of significant rotation were not measured.

The location of bone cross sections for measure-
ment were based on percentages of bone length
and are the same as those described previously for
the samples shown in Fig. 1 (Ruff, 2000, 2002): at
50% (midshaft) of bone length for the femur, and
at 40% of bone length from the distal end of the

humerus. “Bone length” here refers to the dis-
tances parallel to the diaphyseal longitudinal axis
from the average distal projection of the femoral
condyle surfaces to the superior surface of the
femoral neck, and from the lateral lip of the
trochlea to the superior surface of the humeral
head (see Ruff, 2002 for illustrations). Given the
individual rate of development of femoral and
humeral epiphyses, these dimensions could be
directly determined (with some slight estimation of
missing contours) beginning between 3 and 6 years
of age. Prior to this age, section locations were
located relative to diaphyseal length. To find
homologous positions for these bones, locations
relative to both diaphyseal length and bone length
were first determined in radiographs of 3-6 year
old children. The 50% and 40% of bone length
locations were found to correspond to an average
of 45.5% and 41% of diaphyseal length (from the
distal end) for the femur and humerus, respect-
ively, with a relatively narrow (+1%) range of
variation. These locations were then used for
measuring the youngest children. Maximum bone
lengths, measured analogously to in-vitro
measurements of dry bones, i.e., not necessarily
parallel to the diaphyseal long axis, were also
taken when possible given epiphyseal develop-
ment. For younger individuals, maximum lengths
were estimated from diaphyseal lengths using the
mean ratio between the two in individuals where
both could be measured: for the femur, 1.10
(£0.01 SD), and for the humerus, 1.08 (£0.01
SD). All length measurements were taken to the
nearest mm using a clear ruler.

A clear acetate template with marked longitudi-
nal and transverse lines was placed over each
radiograph, aligned with the long axis of the
diaphysis, and positioned so that the transverse
line corresponded to the correct location as
described above. Total subperiosteal and cortical
breadths were then measured along the transverse
line with sharp-tipped digital calipers to the near-
est 0.01 mm. Medullary breadth (M) was calcu-
lated as the total subperiosteal (T) minus summed
cortical breadths.

Mechanical loading of limb bone diaphyses is
dominated by bending (Rubin and Lanyon, 1982);
thus, structural properties that reflect average
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bending strength are the most appropriate for
evaluating mechanical adaptations during growth
and development. The polar moment of inertia, J,
is proportional to (twice) average bending rigidity
(and also torsional rigidity in sections that do not
depart too radically from circularity), and can be
calculated as 7/32:(T*—M* (Timoshenko and
Gere, 1972), assuming circularity in shape. The
polar section modulus, Z,, a measure of (twice)
average bending strength, (or torsional strength)
can then be calculated as J/(T/2). While bone cross
sections are not perfectly circular, violation of this
assumption for the femoral 50% and humeral 40%
locations is not too severe, at least on average.
Comparison of section moduli calculated about
A-P and M-L axes in these regions of the femur
and humerus in two archaeological juvenile
samples where they could be directly measured
(Ruff et al., 1994; Sumner and Andriacchi, 1996)
give mean A-P/M-L ratios between 0.95 and 1.03
(a ratio of 1.0 would indicate equivalent A-P and
M-L bending strength) (Ruff, 2003). This issue is
addressed again later in the Discussion, where a
comparison of results with those of Sumner and
Andriacchi (1996) is given.

Bending and torsional loads should be propor-
tional to the product of a force and a distance
(moment arm), which for the mid-regions of long
bone diaphyses can provisionally be estimated to
be proportional to body weight-bone length
(Selker and Carter, 1989; Polk et al., 2000; Ruff,
2000). This was used as an index of body “size” in
analyses of bone strength relative to size.

Measurement error was assessed through
remeasurement of two individuals at ten age inter-
vals from infancy to adolescence, several weeks
after the first measurement. The mean difference
between measurements was <0.5% for bone
lengths, <1% for subperiosteal breadths, <5% for
cortical breadths (except <7.5% for medial
humeral cortical breadth), and about 3% for the
calculated section moduli.

Body weight (mass) and limb tissue breadths,
the latter measured from radiographs by the
original investigators (Maresh, 1961, 1970), were
obtained from the Denver Growth Study com-
puter archives (Siervogel, pers. comm.). Limb
tissue breadths had been taken at mid-femur level

and at maximum external breadth of the forearm.
No comparable measurements of the (upper) arm
were available. However, correlations between
muscle areas at maximum forearm breadth and in
the mid-arm in children are high (r=0.72-0.91)
(Boye et al., 2002); thus, the forearm measurement
here will be taken to be representative of arm
muscularity as well. From total limb, fat, muscle,
and external bone breadths measured in the same
planes, muscle cross-sectional areas could be cal-
culated, again assuming a cylindrical geometry.
While this assumption is certainly questionable,
especially for the forearm (no equivalent arm
measurements were available), the general shape,
and thus departure from circularity, of soft tissue
in these regions is probably reasonably consistent
between individuals and age groups. All bone and
muscle measurements are reported in mm (areas in
mm?, section moduli in mm?), and body mass
in kg.

Statistical analysis

The great majority of previous studies have
used log-log bivariate linear regressions of one
limb against another to examine and compare
ontogenetic trajectories in proportions (Lumer,
1939; Gavan, 1971; Jungers and Fleagle, 1980;
Shea, 1981; Buschang, 1982a,b; Jungers and
Susman, 1984; Jungers and Hartmann, 1988).
Fig. 2 shows such bivariate plots for femoral and
humeral lengths (A) and femoral and humeral
section moduli (B) in the Denver sample, using the
means (of individual log-transformed data) for
each age point as input. An isometric line of
equivalence (femur=humerus) is also given in each
plot for reference. Both trajectories show signifi-
cant positive allometry (reduced major axis slopes
of 1.089+£0.005 and 1.330£0.015 for lengths and
section moduli, respectively, both p<0.0001 rela-
tive to 1.0), indicating greater overall growth of the
femur than the humerus, consistent with human
bone length data reported previously (Buschang,
1982a,b; Jungers and Hartmann, 1988) (Buschang,
in fact, used bone lengths derived from the Denver
Growth Study sample for his analyses.) The age
trend for length proportions (Fig. 2A) appears
approximately linear, except for the uppermost
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Fig. 2. Femoral to humeral maximum length (A) and section modulus (B) in the Denver Growth Study sample. Each point represents
a mean age group value from 6 months to 19 years of age. Lines indicate (isometric) equivalence between femur and humerus.

data points (but see below). However, the age
trend for strength proportions (Fig. 2B) is obvi-
ously non-linear, with an especially strong
deviation from linearity between the first two data
points (6 months and 1 year of age) and the
subsequent four points (1.5 to 3 years). This, in
combination with a higher slope thereafter (RMA
slope for 3-19 years=1.291+0.011), accounts for
the relatively much greater age change in section
modulus proportions than in bone length pro-
portions from infancy through adolescence. The
distributions in Fig. 2 make an interesting com-
parison to those in Fig. 1, suggesting that the
distinctive bone strength proportion in human
adults is not present in infants and only develops
during growth, while bone length proportional
differences between humans and most nonhuman
catarrhines are always present to some degree (this
contrast is addressed again below in the compari-
sons to the ontogenetic baboon sample). Again,
the result for bone lengths here is consistent with
previous observations (Schultz, 1973; Buschang,
1982a,b; Jungers and Hartmann, 1988).

While bivariate linear regression analyses can
thus provide some insights into ontogenetic trajec-
tories, a more detailed and interpretable descrip-
tion of proportional age changes, including
irregular, nonlinear changes, can be obtained by

examining age trends in individual properties and
in ratios between properties. This is the approach
used in the remainder of this study. Because the
principal aim here is to investigate the ontogenetic
development of the relatively larger human lower
limb, log ratios of femoral to humeral properties
are calculated. Log ratios (i.e., log [femur/
humerus]) are appropriate for examining pro-
portional differences where the baseline for com-
parison is isometry (Ruff, 2002); this approach is
supported by the intraspecific results for adults
shown earlier (see above). Use of logged data also
preserves proportionality over different size
ranges. For example, in both functional and mor-
phological senses, change in a ratio from 0.7 to 0.8
is much more significant than change in a ratio
from 1.7 to 1.8. This is reflected in the log ratios,
where the former change is more than twice that of
the latter change, but not in the raw ratios, where
the two changes are viewed as equivalent. In terms
of individual properties (not ratios), plots of log-
transformed data provide a visual assessment of
the specific (percentage) as opposed to absolute
growth rate for each property (see Shea, 1985).

In the following analyses, (natural) logged
values are calculated for each individual in the
sample, and means of these values for each of
the 32 age groups are then plotted against
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chronological age. This provides a convenient
method to examine proportional changes relative
to developmental landmarks, such as the initiation
of walking or the onset of adolescence. As shown
in these plots, age changes in many proportions are
approximately linear over particular age ranges,
with clearly defined inflection points. To better
visualize results graphically, linear trend lines (fit
by eye) are included in the plots where appropri-
ate. For statistical comparison of growth changes
in proportions, least squares linear regressions' of
lower to upper limb ratios against age are also
calculated for each of these age regions (those
including at least three age points), in two ways.
First, lines are fit through the means for each
age group. Second, lines are fit through the data
points for each individual, and the mean of the
resulting 20 slopes is calculated. As shown below,
the two methods yield almost identical results.
ANCOVA, using individual data, is used to com-
pare the sexes across multiple age groups while
controlling for age. Because they were derived
from a reduced data set, the 19 year old data

! Use of least squares rather than a model II regression
method (such as reduced major axis) is justified here, since: a)
the independent variable (age) is measured without error, and
b) proportions are clearly dependent on age, i.e., growth.

points are not included in regression analyses or
ANCOVA:s.

Paired t-tests are used for comparisons of indi-
vidual data involving only two age points, or for
comparisons between the upper and lower limbs
within a single age group. Two sample 7-tests are
used to compare the sexes within single age groups.
Means and standard deviations of properties for
each age group are also given in tabular form in
the Appendix for the total sample and by sex. All
statistical analyses and data plotting were carried
out using SYSTAT (SYSTAT: Statistics, 1990).

Results

Section moduli

Age trends in femoral and humeral section
moduli for the total combined sample are shown in
Fig. 3, both separately by bone (A) and as a
femoral/humeral ratio (B). Regression statistics are
given in Table 1a. Between 6 months and 1 year of
age the humerus increases in strength faster than
the femur, resulting in a significant decline in the
femoral/humeral ratio (p<0.05, paired z-test). This
trend abruptly reverses after 1 year of age, the
approximate average age of onset of unassisted
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Table la
Least-squares linear regression slopes, lower to upper limb
section modulus proportions on age

Table lc
Least-squares linear regression slopes, lower to upper limb
diaphyseal length proportions on age

Age range (yrs) Femoral/Humeral Section Modulus

Age range (yrs) Femoral/Humeral Diaphyseal Length

Means?* Individuals® Means® Individuals®
slope SE slope SE slope SE slope SE
1.0-2.0 0.2526 0.0328  0.2511 0.0314 0.5-5.0 0.0135 0.0003 0.0142 0.0020
2.0-3.0 0.1069 0.0115  0.1044 0.0222 5.0-12.5 0.0061  0.0003  0.0067  0.0008
3.0-15.0 0.0356 0.0008  0.0358 0.0038

15.0-17.0 0.0005*  0.0010  0.0026*  0.0133

*Calculated from age group means. SE=standard error of
slope through age group means.

®Mean of individual slope values (n=20). SE=standard error
of individual slope values.

*Non-significantly different from 0 (p>0.05).

Table 1b
Least-squares linear regression slopes, lower to upper limb
maximum length proportions on age

Age range (yrs) Femoral/Humeral Maximum Length

Means® Individuals®

slope SE slope SE

0.5-5.0 0.0137 0.0007 0.0146 0.0018
5.0-12.5 0.0062  0.0002 0.0062 0.0007
12.5-17.0 —0.0038 0.0004 —0.0038 0.0011

#Calculated from age group means. SE=standard error of
slope through age group means.

®Mean of individual slope values (n=20). SE=standard error
of individual slope values.

walking (Burnett and Johnson, 1971; Hensinger,
1986; Stanitski et al., 2000). The pace at which
growth in femoral strength outstrips that in hu-
meral strength is highest just after this, between 1
and 2 years of age (see Table 1a), and is due to a
large reduction in the rate of humeral growth (Fig.
3A). The ratio of femoral/humeral strength in-
creases at a somewhat reduced rate between 2 and
3 years of age, and then continues to increase, but
at a still further reduced rate between 3 and 15
years of age (Fig. 3B, Table 1a). After 15 years of
age there is no change, on average, in femoral/
humeral strength proportions. As shown in Table
la these general trends are very similar whether
mean age group or individual data are used.

“Calculated from age group means. SE=standard error of
slope through age group means.

®Mean of individual slope values (n=20). SE=standard error
of individual slope values.

Table 1d
Least-squares linear regression slopes, lower to upper limb
muscle area proportions on age

Age range (yrs) Thigh/Forearm Muscle Area

Means® Individuals®
s Slope SE slope SE
0.5-1.5 0.0058* 0.0146  0.0058* 0.0508
1.5-3.5 0.1250 0.0135  0.1250 0.0298
3.5-10.5 0.0196 0.0026  0.0196 0.0063
10.5-12.0 0.0686 0.0115  0.0686 0.0157
12.0-17.0 —0.0219 0.0039 -0.0219 0.0084

“Calculated from age group means. SE=standard error of
slope through age group means.

®Mean of individual slope values (n=20). SE=standard error
of individual slope values.

*Non-significantly different from 0 (p>0.05).

In Fig. 4 the same data are plotted by sex. The
general age patterns within sex are similar to those
described above for the pooled sample, although
there are also some significant sex-related differ-
ences. First, there is no significant change in
femoral/humeral strength between 6 months and
1 year of age in females (p>0.90, paired z-test),
while there is a highly significant decline in males
(p<0.0001, paired ¢-test). Thus, the decline in the
ratio observed in the total sample (Fig. 3B) is due
entirely to a change in males, although females
also show no increase in femoral/humeral strength
proportions until after age 1. Age trends from 1 to
14 years are very similar in the two sexes—all
slopes within 1-2, 2-3, and 3-14 year old age
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Fig. 4. Femoral and humeral section modulus changes with age, by sex: A) age changes in each bone (circles: femur; squares: humerus);
B) age changes in femoral/humeral ratio. Open symbols: females; filled symbols: males.

ranges are nonsignificantly different between the
sexes (p>0.70, ANCOVA, age-sex interactions).
However, females have consistently higher
femoral/humeral ratios throughout this entire age
range (p<0.001, ANCOVA within each of the
three age ranges, effect of sex with age as a
covariate). This sex-related difference is caused by
both a stronger femur among females as well as a
stronger humerus among males (Fig. 4A) (p<0.05,
all comparisons, ANCOVA within 1-3 and 3-14
year age ranges). After 14 years in females, and 16
years in males, there is some fluctuation in the
ratio, probably due in part to fluctuations in body
weight and thigh muscle size in the sample (both of
which preferentially affect femoral strength [Ruff,
2003]). This may have been a result of dieting: four
females had weight losses of 4-9% and thigh
muscle area losses of 8-31% between 15 and 17
years; one male had a weight loss of 8% and a
thigh muscle area loss of 44% between 17 and 19
years. Due to continuing growth in body size,
males develop stronger femora as well as humeri
after 14 years of age (Fig. 4A); however, females
maintain a higher femoral/humeral ratio (p<0.01,
ANCOVA).

Bone lengths

Bone length data for the pooled sample are
shown in Fig. 5. As described above, maximum
bone lengths (including the epiphyses) were calcu-
lated from diaphyseal lengths in the younger
children. Femoral/humeral ratios are shown for
both maximum and diaphyseal lengths in Fig. 5B,
and regression statistics for both lengths are given
in Tables 1b and lc. Only maximum bone lengths
are plotted in the individual bone curves (Fig. 5A);
diaphyseal lengths show almost identical trends
(displaced downwards, of course) over their corre-
sponding age ranges. Both types of bone lengths
give very similar results in terms of age changes in
femoral/humeral proportions (Fig. 5, Tables 1b,c),
although the results for very young children (under
3 years of age), where no maximum lengths could
be directly measured, are probably slightly more
accurate using diaphyseal lengths.

Although there is a general similarity in the age
curves for section moduli (Fig. 3) and bone lengths
(Fig. 5)—an increase in femoral/humeral propor-
tions throughout growth, with the greatest increase
occurring early in development—there are also
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some major differences. Unlike section moduli,
bone lengths show no evidence for a reduction in
femoral/humeral proportions between 6 months
and 1 year of age or a change in slope at 1 year of
age, or again at 2 or 3 years of age. Rather,
femoral/humeral length proportions show a con-
stant log-linear increase from 6 months to about
S years of age. This is due largely to the absence of
an abrupt reduction in growth rate of humeral
length during the second year of life (compare
Fig. SA with Fig. 3A). Thus, the transition to
walking at about a year of age has no discernable
effect on relative femoral/humeral growth in
length.

From about 5 to 12.5 years of age femoral/
humeral length proportions continue to increase,
but at a slower rate (Tables 1b,c). After 12.5 years
there is a significant reduction in femoral/humeral
length due to an overall greater increase in hu-
meral length (16%, versus 13.6% in the femur).
Thus, again, changes in femoral/humeral length
proportions do not parallel changes in section
moduli proportions. Overall, changes during
growth in femoral/humeral length proportions are
much less than those in femoral/humeral strength
proportions: the total change from 6 months to 17
years of age in section moduli is about 8 times
greater (in log units) than that in lengths. This is

true even when allowance is made for different
units of measurement (section moduli in mm?,
lengths in mm), which would predict only a 3 x
greater change in section moduli.

Sex-specific analyses of bone lengths are shown
in Fig. 6. No linear trend lines are included on
Fig. 6B due to increased noise in the smaller
sex-specific samples, but the same general trends
(to about 10-11 years) are apparent in both sexes
as were noted for the pooled sample (Fig. 5B).
Unlike section moduli (Fig. 4), prior to ado-
lescence there is no consistent difference between
the sexes in femoral/humeral length proportions
(p>0.10, ANCOVA, 6 months-5 years, 5 years—
11 years, and 6 months—11 years). Females level off
in length proportions at about 10 years of age, and
then decline after 12.5 years. Males follow the
same general pattern, but about 2 years later. This
age disjunction is very likely due to the earlier
skeletal maturation of adolescent females, appar-
ent in the approximately 2 year difference in peak
growth velocities characteristic of many body
dimensions in this sample (Ruff, 2003), as well as
other samples (e.g., Tanner et al.,, 1966; Bailey
et al., 2000), coupled with the later growth in
length of the humerus relative to the femur noted
above. Thus, there is a transient sex difference in
proportions between 11 and 16 years (p<0.01,
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ANCOVA). By 17-19 years of age, the sexes are
again nonsignificantly different in length propor-
tions (p>0.60, two sample ¢-tests at each age).

Muscle areas

Thigh and forearm muscle areas for the pooled
sex sample are shown in Fig. 7, with regression

statistics given in Table 1d. In terms of general
patterns, pre-adolescent age changes in upper and
lower limb muscle areas—both separately and as a
ratio—are more similar to those for corresponding
section moduli than those for bone lengths (com-
pare with Figs. 3 and 5). Thigh/forearm muscle
proportions show no increase between 6 months
and 1.5 years, followed by a very rapid increase to
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about 3.5 years, and then a more gradual increase
to about 10.5 years (Fig. 7B, Table 1d). The rapid
increase in thigh to forearm strength in the second
and third years of life is due to a sharp decrease in
the rate of growth in forearm muscle area (Fig.
7A), similar to the pattern observed for humeral
strength (Fig. 3A), but not length (Fig. 5A). Thus,
changes in muscle area proportions, like those in
bone section moduli, appear to be correlated with
the adoption of bipedal locomotion, albeit it with a
slight (6 month) delay.

Between 10.5 and 12-12.5 years, muscle area of
the thigh increases more rapidly than that of the
forearm. This pattern is then reversed through the
rest of adolescence, as forearm muscle area con-
tinues to increase while thigh muscle area levels off,
and may even decrease slightly from 17 to 19 years
(p=0.09, paired ¢-test), resulting in a large decline
in thigh/forearm muscle area between the last two
age points (p<0.05, paired ¢-test). The general
pattern in adolescence is superficially similar to
that for bone lengths (Fig. 5B), although the large
decrease in lower/upper limb muscle between 17
and 19 years is not paralleled in femoral/humeral
length.

Muscle area age trends within sex are shown
in Fig. 8. Again, as with bone lengths, due to

increased noise in these smaller samples, no linear
trend lines are plotted. However, the general
patterns of age changes in each sex are similar to
each other and to the pattern described above
for the pooled sample. As with section moduli,
the major difference between the sexes is the
development of relatively greater lower/upper
limb muscle areas in females. This difference is
apparent as early as 3 years of age (Fig. 8A) and
persists  throughout development (p<0.0001,
ANCOVA, 3-12 years, 12-17 years). Prior to
adolescence, the difference is caused mainly by
greater thigh muscle area in females (p<0.002,
ANCOVA, 3-12 years), although males have
slightly greater forearm muscle area as well
(p<0.05, ANCOVA, 3-12 years), beginning at
about 6.5 years (Fig. 8A). During later adoles-
cence, males increase greatly in forearm muscle
area while females level off, contributing to a
large increase in the sex proportional difference
(the average sex difference in muscle area propor-
tions to age 14 years is 9%, from 15 years on,
26%). As noted earlier, there is some decline in
thigh muscle area in later adolescence, greater in
females (p=0.001, paired t-test, 17 to 19 years),
associated with significant weight loss in some
individuals.
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Bone strength relative to body size

Fig. 9 shows (log-transformed) femoral and
humeral section moduli divided by the product of
body mass (and the corresponding bone length) for
the pooled sample (A) and by sex (B). Differences
between relative femoral and humeral strengths at
particular ages are evaluated using paired z-tests.

Body size-standardized femoral and humeral
strengths are nonsignificantly different at 6 months
of age in the pooled sample and within sex
(p>0.10). At 1 year of age, males have significantly
stronger humeri than femora relative to body size
(p<0.05), and by 1.5 years females have signifi-
cantly stronger femora than humeri (p<0.05).
From 2 years of age onward, both sexes have much
stronger femora than humeri relative to body size
(p<0.01), with the difference progressively increas-
ing until 15 years of age. These results confirm
those shown earlier for section moduli (Figs. 3
and 4).

Females have relatively stronger femora than
males between 1.5 and 9 years of age (p<0.001,
ANCOVA), and males have relatively stronger
humeri than females at all ages from 6 months
onwards (p<0.05, two sample ¢-test at 6 months;
p<0.0001, ANCOVA, entire age range) (Fig. 9B).

From 15 years of age onwards, males also have
relatively stronger femora than females (p<0.0001,
ANCOVA, ages 15-17 years; p<0.05, r-test in
19 year-olds). These patterns of sex differences are
very similar to those observed for muscle areas
(Fig. 8A), and suggest that differences in
bone strength relative to body size are strongly
influenced by muscular development.

The peak in relative humeral strength prior to
age 1 and its steep reduction thereafter is not
unexpected given the changing role of the upper
limb in weight support in this age range. However,
by the same reasoning, the high values for relative
femoral strength in infancy and the less steep but
still highly significant (p<0.0001, regressions
through either age group means or individual data)
decline in relative femoral strength after 1.5 years
(Fig. 9) are somewhat counterintuitive. This
apparent anomaly can be largely explained by
considering changes in bone material properties
that occur during ontogeny, which are not
incorporated into purely geometric models of bone
strength (i.e., section moduli) alone.

It is well known (e.g., Currey and Butler, 1975)
that compact bone in young children is less stiff
and strong (i.e., has a lower modulus of elasticity
and lower ultimate stress) than that of adults. Two
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previous studies have reported age changes in bone
material properties of femoral midshaft specimens
(Vinz, 1970; Currey and Butler, 1975).> A plot of
ultimate stress against age for these two studies is
shown in Fig. 10A. Because the two studies used
different testing procedures and measured some-
what different properties—ultimate tensile stress in
Vinz, ultimate bending stress in Currey and
Butler—absolute values cannot be compared
(bending tests give higher values than tensile tests;
see Currey, 1999). Also, different age ranges were
included in the two studies and the data were
reported differently (as age group means in Vinz
and as individuals in Currey and Butler) (see
Fig. 10A). However, the changes in values over
time, within overlapping age ranges, are quite
similar in the two studies. It was found that a
log-log plot of ultimate stress against age pro-
duced an approximately linear change in ultimate

2 A third study (Hirsch and Evans, 1965) also examined bone
material properties in infants and one adolescent, but otherwise
did not document age changes per se. Their results were
consistent with those of Currey and Vinz, however. One subject
in the Currey study—a 6 year-old girl suffering from
diabetes—was not included in the analysis, since this disease
may affect bone material properties and the individual was an
outlier for her age.

stress between 0.75 and 17 years of age, with an
average slope over both studies of 0.11. This was
used together with a widely accepted value of
compact bone ultimate tensile stress for young
adults (20-29 years) of 140 MPa (Burstein et al.,
1976) to determine the y-intercept in a log-log
linear regression on age between 0.75 and 17 years
(no change in ultimate stress is apparent between
17 years and young adulthood): log(140)=0.11-
log(17)+4.63. Exponentiating yields: ultimate
stress=e"-!1'108(g)*4.63 "For the 6 month old data
point, a similar procedure using the slope obtained
from Vinz’s data in this age range (0.32-0.75 years,
see Fig. 10A) yields the following equation:
ultimate stress=e’-43¥1ogage)*4.72

The “safety factor” for bone can be defined as
the ultimate stress/maximum stress incurred under
loading (Biewener, 1992).> As described above,
bending/torsional loads are taken here to be pro-
portional to body mass-bone length; thus, maxi-
mum stress=(body mass-bone length)/section
modulus (see Ruff, 2000), and “safety factor”=
(ultimate stress-section modulus)/(body mass-bone

* Ultimate rather than yield stress is used here since Currey
and Butler (1975) reported only the former property in their
study.



332 C. Ruff' | Journal of Human Evolution 45 (2003) 317-349

Ln(Femoral/Humeral Section Modulus)

= baboon
0.0 ) 1 1 1 L]
0 2.5 5 7.5 10 (baboon)
0 5 10 15 20 (human)
Age (yrs)

Ln(Femoral/Humeral Length)

0.5 T T T T

4 -

0 human

0.3 % 1

02

0.1 1 1 1 1
0 25 5 7.5 10 (baboon)
0 5 10 15 20 (human)

Age (yrs)

Fig. 11. Changes with age in femoral/humeral section moduli and maximum lengths in humans (open circles) and baboons (filled
squares): A) section moduli; B) lengths. Human data from Figs. 3 and 5; baboon data fit with LOWESS nonparametric curves.

length). So, in effect, “safety factor” is equivalent
to the body-size-standardized section modulus
values shown in Fig. 9, multiplied by the age-
specific ultimate stress for bone. It reflects the
overall strength of bone under loading taking into
account both geometric and material properties.
An age plot of safety factors for the femur and
humerus (log-transformed) is shown in Fig. 10B.
The addition of age changes in bone material
properties modifies the curves shown in Fig. 9A in
several ways. (Note that the relative scales on
Fig. 10B and Fig. 9 are the same so that direct
comparisons can be made.) First, the overall rela-
tive strength of the femur, including material prop-
erties, is lowest at 6 months of age. It then shows a
very marked increase (almost 40%), peaking at
2 years of age, after which it shows a moderate
decline (about 15%) to 5.5 years, followed by a
very slow decline to 14 years, and then a slight
increase to 17 years. The average index at 5.5 years
is within 5% of that at 17-19 years, i.e., essentially
“adult” values are reached in the femur by mid-
childhood. The humerus shows an extremely rapid
increase in overall relative strength between
6 months and a year, increasing by 36% over this
short interval. It then undergoes a precipitous
decline, dropping below 6 month values by 5 years,
and continues to decline to age 15 years, when it

reaches values more than 50% below the 1 year old
peak. Thus, these age trends are more in line with
expectations based on mechanical/locomotor
changes during development.

Comparisons to baboons

Age changes in femoral/humeral section moduli
and maximum lengths for the human and baboon
samples are shown together in Fig. 11. The y-axes
are scaled here to reflect equivalent relative
changes in section moduli and bone lengths: since
section moduli are expressed in linear dimensions
to the third power, a change in logarithmic units of
1.2 for section moduli is equivalent to a change
of 0.4 units for bone lengths. Similarly, age ranges
for baboons and humans are adjusted to reflect
the shorter developmental period of baboons. Epi-
physeal union of baboon long bones occurs
roughly two to three times faster than in humans
(Krogman, 1962; Bramblett, 1969); a 1:2 ratio of
baboon to human years is used in Fig. 11. This age
scale adjustment is not meant to imply a direct
correspondence between developmental events in
humans and baboons occurring at any particular
age, but rather a more a general equivalence in
terms of overall duration of growth from infancy
to adulthood. The same linear trend lines are
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plotted for the human data as in previous figures
(Figs. 3 and 5). Because of the greater scatter of the
baboon data (representing individuals rather
than age group means and cross-sectional rather
than longitudinal sampling), nonparametric
LOWESS lines, with a window smoothing width of
0.5 (Cleveland, 1979), are used to illustrate general
age trends in the baboons. The significance of
apparent age trends indicated in the LOWESS
plots is tested by linear regression analysis
and two-sample ¢-tests between age groups, as
appropriate.

Femoral/humeral section moduli proportions
are similar in infant baboons and infant humans,
with baboons slightly lower (Fig. 11A). Baboons
increase slightly in this ratio from 7 months to
2.5 years (r=0.70, p<0.05, regression on age); indi-
viduals under 2.5 years are significantly lower in
section moduli proportions than all other age
groups (p<0.05, ¢-tests with all older baboons,
2.5-8 year-olds, and 2.5-5 year-olds). From
2.5 years to adulthood section moduli proportions
do not change in baboons (all regressions and
age group comparisons non-significant). Human
1 year-olds have proportions virtually identical to
those of baboons 2.5 years of age or older (p>0.70,
t-test). After 1 year of age in humans, the two
species diverge dramatically: human 3 year-olds
are already more than 40% greater in femoral/
humeral strength than older baboons, and by
15 years of age humans have strength ratios more
than twice those of older baboons. The total age
change in strength proportions is about six times
greater in humans than in baboons.

Age-related divergence of human and baboon
bone length proportions is much less pronounced
(Fig. 11B). Baboons show a slight but significant
decline in femoral/humeral length that extends
throughout the whole growth period, from infants
through subadults (6-8 years) (r=0.614, p<0.01),
i.e., unlike section moduli there is no rapid change
in proportions during the first three years of life
followed by a leveling off. As a result of the
opposite changes in humans and baboons during
growth, femoral/humeral length proportions are
maximally different between species among “ado-
lescents” and adults. However, humans never ap-
proach baboons in length proportions at any age.
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Fig. 12. Age changes in bone section moduli relative to
body size (body mass-bone length) in humans (squares) and
baboons (circles). Filled symbols: femora; open symbols:
humeri.

Fig. 12 shows femoral and humeral section
moduli standardized over body mass X bone
length for humans and baboons. Age changes in
relative strength of the baboon femur and humerus
are similar to each other, and generally parallel the
age pattern of the human femur: highest values
early in development, followed by a gradual
decline, with near-adult values reached in “late
childhood” in both species (about 8-10 years in
humans, 3-4 years in baboons). There is a subse-
quent transient decline in the index in baboon
subadults (7.5-8 years) as well as a large positive
spike in baboon one year-olds, although because of
the small number of specimens and cross-sectional
design it is difficult to say how much random
sampling error may have contributed to these
deviations. The baboon femur is slightly relatively
stronger than the humerus from 2.5 years of
age onwards (p<0.01, paired ¢-test between bones,
average difference 9%). However, the real deviant
in both age pattern and magnitude of relative
strength is the human humerus, which after
infancy declines to values far below those of the
human femur and both bones in the baboon.

Unfortunately there are no data adequate to
incorporate bone material properties into this
comparison, as in Fig. 10, for baboons. Based
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on several ontogenetic studies of bone material
properties in a number of nonhuman mammalian
species (Torzilli et al., 1981, 1982; Keller et al.,
1985; Currey and Pond, 1989; Brear et al., 1990), it
seems certain that bone material stiffness and
strength also increases after infancy in baboons.
The only study to date that actually measured such
properties in immature baboons (or nonhuman
primates, as far as I am aware) did in fact find
evidence for such an age trend, although the data
are too limited (three individuals, youngest 3 years
of age) to derive any kind of equation that could
be applied to the present sample. Of the studies of
nonhuman species that included younger individ-
uals (Torzilli et al., 1981, 1982; Currey and Pond,
1989; Brear et al., 1990), ultimate tensile stress
about doubled from near birth to adulthood,
which is similar to that found here for humans
(Fig. 10A). Thus, it is likely that the apparent
age-related decline in relative femoral and humeral
strengths for baboons shown in Fig. 12, like that of
the human femur, is largely compensated by an
increase in bone material strength.

Discussion

Development of femoral to humeral proportions in
humans

Adult human limb proportions are clearly dis-
tinctive: the adult human femur is both longer and
stronger relative to the humerus than in the great
majority of anthropoid primates. However, the
ontogenetic trajectories by which adult human
skeletal proportions are reached are different for
bone length and bone strength. Humans are born
with relatively long lower limbs: human infants
already have length proportions similar to those of
adult anthropoid specialized leapers and different
from more generalized quadrupeds. This length
disproportion gradually increases throughout
post-natal growth, and appears to be a continu-
ation of a trend observed in utero. Fig. 13 is a plot
of thigh and arm lengths against gestational age in
a large sample of human fetuses measured by
Scammon and Calkins (1929). While not strictly
comparable to the femoral and humeral length

5.0 T T T
— (<]
5 45 o -1
N o . "
g °
-— [=]
c .
g 40 thigh a /T\ ]

[+] =] .

2 birth
n o o
5 g am
’_% 35 B
L o
c
| o

3.0 L L L

100 150 200 250 300

Post-menstrual Age (days)

Fig. 13. Mean thigh (greater trochanter to knee) and arm
(acromion to elbow) segment lengths in human fetuses
measured by Scammon and Calkins (1929); Tables 126 and 147;
n=17-47 individuals per age group. Post-menstrual ages deter-
mined from mean crown-heel lengths using their formula
(Table 9). Values from first three age groups reported in
original study not used because only one individual included in
first age group and next two age groups not matched (i.e.,
different n’s). Average age at birth (280 days) shown for
reference; although not stated by authors, last age group must
include some post-term neonates.

measurements used here, the fetal data do demon-
strate a small but progressive increase in lower to
upper limb segment length proportions from the
fourth month post-conception through the neo-
natal period (r=0.79, p<0.05, regression of In
[thigh length/arm Ilength] on gestational age).
Thus, as also noted by Schultz (1973), human limb
length proportions develop very early, well prior to
any known specific mechanical stimuli and cer-
tainly prior to conferring any functional advan-
tage. This is consistent with findings from recent
experimental developmental studies, which indi-
cate a high developmental penetrance, or early
ontogenetic appearance of interspecific differences
in relative limb segment lengths (Hamrick, 2001).

In contrast, humans are born with femoral/
humeral bone strength proportions that are quite
different from those of adults. In fact, in terms of
relative lower/upper limb strength, human infants
are much closer to older juvenile and adult
baboons and (nonspecialized) quadrupedal pri-
mates in general than they are to human adults.
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The adoption of unassisted bipedality at about
1 year of age (Burnett and Johnson, 1971;
Hensinger, 1986; Stanitski et al., 2000) corre-
sponds to a major shift in growth trajectories in
bone strengths: between 6 months and a year
of age, when the upper limb is an integral
weight-bearing element in crawling and “cruising”
(Burnett and Johnson, 1971; Hensinger, 1986),
femoral and humeral strengths increase at either
the same rate (females) or faster in the humerus
(males); after one year of age femoral strength
increases much faster than humeral strength. The
steepest change in proportions occurs between
1 and 2 years, when femoral strength increases
almost three times as fast as humeral strength, due
to a large decline in growth velocity of the humerus
coupled with a continued high growth rate in the
femur (Ruff, 2003). This is the only time during
development when there is a clear disjunction
between growth velocity in body size and growth
velocities in femoral and humeral strength (Ruff,
2003), which is not surprising given the profound
changes in mechanical loading relative to body size
that occur in this age range.

Femoral/humeral strength proportions continue
to rise rapidly between 2 and 3 years, and then
settle into a much slower increase that extends to
mid-late adolescence, when adult proportions are
reached. Children do not acquire a “mature” gait
pattern, including a narrow mediolateral base of
support, greater limb stability and normal step
cadence, until about 2.5-3 years of age (Sutherland
et al., 1980). Age trends in bone structural data
thus closely match behavioral changes, with an
initial very rapid increase in femoral strength as
the femur adapts to its new role in (sole) weight
support, probably exacerbated by the extra
demands produced by an inefficient gait pattern,
followed by a slow and constant change in propor-
tions that characterizes most of childhood and
early adolescence, during which walking patterns
are also stable. In this latter period increases
in femoral strength are closely tied to increases in
body size (body mass-bone length); increases in
humeral strength are also correlated with increases
in body size, but at a lower level (Ruff, 2003).
During childhood and early adolescence the
humerus continues to decline markedly in strength

relative to body size, while femoral strength
(including material properties) relative to body size
remains almost constant. Thus, the slight positive
allometry observed in femoral/humeral strength
between 3 and about 15 years of age (sexes aver-
aged) is due to continuing adaptation of the femur
to increases in body size, coupled with a continu-
ing decline in humeral strength relative to body
size. (Sumner and Andriacchi [1996] have pre-
sented a similar argument based on estimated
strains in the femur and humerus during growth.)
When the rate of growth in body size declines in
mid-late adolescence (Ruff, 2003), femoral/
humeral strength proportions also stabilize.
Consideration of bone material properties in
addition to geometry is important in evaluating
changes in relative bone strength, especially during
the first few years of life when material properties
are changing rapidly. It should be noted that the
material property values that were used for the
humerus are based on mechanical tests of femoral
specimens (there are apparently no similar data
available for upper limb bones) and thus could be
erroneous. However, it seems likely that if the
humerus and femur were to differ in their material
property changes with age, the humerus would
exhibit less of an increase in stiffness and strength
than the femur (if such changes are mechanically
adaptive—see Currey, 1979). Thus, overall relative
strength of the maturing humerus could be over-
estimated here, and the widening difference
between femur and humerus during development
could be even greater. A similar phenomenon was
reported by Carrier and Leon (1990) in an onto-
genetic study of the California gull, in which
dramatic increases in both geometric and material
properties of the wing bones occurred at the initia-
tion of flying, leading to large increases in breaking
strength relative to body mass and to that of the
hindlimb bones. Muscle mass for the wings relative
to the hindlimb also increased greatly at the same
ontogenetic stage. Thus, this species provides
another example of a “natural experiment” of the
effects on bone (and muscle) structural properties
of pronounced change in limb function during
growth, paralleling that in human limbs, but
reversed in direction. Interestingly, the one excep-
tion to this general pattern in the gull was limb
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bone length, which was always greater in the wing
than in the hindlimb throughout development, and
showed only a modest increase in rate of growth at
the inception of flying. Again this is similar to
results of the present study, indicating a much less
tight coupling between actual mechanical function
(loads) and limb bone length proportions.

The safety factors obtained here incorporat-
ing material properties appear smaller than
expected—a log (safety factor) of 0.5, for example,
about the average value obtained for the femur,
indicates a (raw) safety factor of 1.65. Since this is
derived using the polar section modulus, which is
about twice the section modulus for bending,
safety factors in bending would actually be about
one-half of this, or about 0.8, which is obviously
unreasonable. The reason for the apparent discrep-
ancy is that bone length was taken here to be
proportional, not equal to relevant moment arms.
In fact, the true M-L bending moment arm of
body mass at femoral midshaft during single-
legged stance in adults is about 1/8 femoral length
(Ruff, 1995; also see McLeish and Charnley, 1970).
Multiplying 0.8 by 8 results in a true average safety
factor of about 6-7, which is reasonable compared
to estimates derived from in-vivo limb bone
measurements in mammals. These generally range
between 2 and 4 during strenuous activities
(Alexander, 1981), when loadings would be higher
(and safety factors lower) than in the static support
of body weight considered here. Of course, true
in-vivo mechanical loadings, including relevant
moment arms, will be much more complex than
this (e.g., see Thorpe et al., 1999). However, the
general correspondence between the present esti-
mates of relative bone strength and those based on
in-vivo measurements is reassuring, and supports
the validity of the approach.

There are several possible explanations for the
slight apparent decline in femoral strength relative
to body size after 2 years of age that persists even
after age changes in bone material properties have
been factored in. First, due to the relative in-
efficiency of gait during the initial period of walk-
ing (see above), mechanical loads on the femur,
relative to body size, may be greatest at about
1-2 years of age and decline somewhat thereafter,
leading to slight declines in relative strength.

Second, the method for evaluating body size here,
i.e., body mass-bone length, may also contribute
to the apparent decrease in relative strength.
Although this appears to be a mechanically appro-
priate index for evaluating bending/torsional load-
ing in adults of fairly diverse body shape (Rulff,
2000), children undergo even more extreme
changes in body shape from infancy through ado-
lescence. In particular, during growth relative limb
length (especially lower limb length) increases
greatly, while relative body breadth decreases
(see Hansman, 1970; Maresh, 1970). Thus, use of
bone length may systematically overestimate true
moment arms (of body mass and muscles) in older
children and adults relative to young children,
resulting in declines in strength relative to body
mass-bone length.

The final factor that may contribute to this
apparent age trend is inaccuracy in use of one-
dimensional (radiographic) bone breadths to
reconstruct two-dimensional cross sections. As
mentioned above, two studies of archaeological
samples have measured true cross-sectional prop-
erties of the femur and humerus in juveniles (Ruff
et al., 1994, and unpublished data; Sumner and
Andriacchi, 1996, and Sumner, pers. comm.). Of
these studies, that by Sumner and Andriacchi of
the Grasshopper Pueblo sample makes the more
informative comparison because they included
infants and very young children, while the other
study did not. Fig. 14 shows age changes in
femoral/humeral section moduli measured in the
Grasshopper sample and in the present study. Two
section moduli are plotted for Grasshopper: Z,,,
the true polar section modulus, and Z,, the M-L
section modulus (i.e., measured about the A-P
axis). The latter is closer to what was actually
measured in the present study (from A-P radio-
graphs). The two section moduli ratios give similar
results in terms of age trends, although there is
more of an age increase in the true polar section
modulus ratio than in the M-L section modulus
ratio. A closer examination of Summner and
Andriacchi’s original data (not shown here) reveals
that this is a result of greater age increases in A-P
section moduli of the femur and M-L section
moduli of the humerus than in their corresponding
perpendicular section moduli. Thus, measurement
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Fig. 14. Comparison of age trends in femoral/humeral section
moduli in the present study (Denver sample) and in the
Grasshopper Pueblo sample (Sumner and Andriacchi, 1996;
Sumner, pers. comm.). Line plotted is for Denver sample (from
Fig. 3). Individual data points are age class means for Grass-
hopper sample: filled circles: Z, (polar section modulus); open
circles: Z, (M-L section modulus).

of only M-L properties, as was done in the present
study, slightly underestimates increases in overall
femoral strength, and slightly overestimates
increases in overall humeral strength during
growth, which together leads to a slight under-
estimation of the increase in femoral/humeral
strength. (This assumes that growth changes in
bone shape in the two samples are similar, which
may not be true.) The age changes in femoral/
humeral strength proportions documented here are
thus probably slightly conservative, with the femur
gaining even more in overall strength relative to
the humerus.

However, despite differences in technique and
the study samples themselves, the general magni-
tudes and patterns of change in femoral/humeral
strength in the Grasshopper and Denver samples
are remarkably similar (Fig. 14), including the
initial decline or lack of change in infancy, the very
rapid increase in the second and third years of life,
and the more gradual increase thereafter. This
lends some confidence both in the methods used
here, and in the generality of growth patterns
observed in the Denver sample.

Because the Grasshopper sample was cross-
sectional in design, the original authors grouped

data by yearly intervals prior to age 10, and by
five-year intervals between 10 and 14, and 15-19,
with five individuals in each age group. Fig. 14
shows that even using these age group means, there
is apparent nonrandom sampling and thus fairly
substantial fluctuations in ratios between succes-
sive age groups, particularly after age 5 years,
which is not atypical of cross-sectional samples.
The inevitable inaccuracies in age estimation in
archaeological samples also likely added to data
scatter. This, plus the coarser sampling during
adolescence, does not allow precise identification
of the age at which adult proportions are reached.
The present longitudinal analysis makes it clear
that adult femoral/humeral strength proportions
are not attained until mid-late adolescence, not
late childhood or early adolescence as has been
concluded based on the Grasshopper study results
(Richmond et al., 2002). In the Denver sample,
femoral/humeral strength increases by an average
of 16.2% between 10 and 17 years, by 13.1%
between 11 and 17 years, and by 9.0% between 12
and 17 years, all highly significant (p<0.01, paired
t-tests). Thus, strength proportions of fossil
juvenile specimens such as KNM-WT 15000 (a
10-12 year-old) can not be directly compared to
those of adults.*

Sumner and Andriacchi (1996) also noted the
potential importance of growth in muscular
strength as a stimulus to bone growth (also see
Schonau et al., 1996; Frost, 1997); this is sup-
ported here through analysis of muscle area data.
Age changes in lower/upper limb muscle area
proportions largely parallel those in corresponding
bone strengths, with some deviations in ado-
lescence. Comparison of sex differences in relative
bone strengths and muscle areas, discussed below,
also support the importance of muscular loadings
as a factor in stimulating bone cross-sectional
growth. Controlling for growth in body size,
growth in muscle area is a significant predictor of

4 In terms of skeletal (as opposed to dental) age, KNM-WT
15000 may have been closer to a 13-13.5 year-old modern
human (Smith, 1993), however, he was also a male. Within
Denver males, femoral/humeral strength increases an average
of 13.5% between 13 and 17 years, and 11.3% between 14 and
17 years, both statistically significant (p<0.05, paired ¢-tests).
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growth in bone strength (Ruff, 2003). Further-
more, this effect is stronger for the humerus
than for the femur, highlighting the importance of
muscular loadings (versus support of body weight)
in the upper limb, as would be expected.

It is conceivable, of course, that both muscle
and bone parameters respond to a third factor,
such as a general growth stimulus (e.g., growth
hormone levels). However, if this were true then
one might expect coordination in the timing of
muscular growth and overall bone growth, includ-
ing growth in bone length, which is not the case in
the present sample (Ruff, 2003). In any event, as
with bone cross-sectional parameters, the specifi-
city of muscular growth in the lower versus upper
limb at different stages of development argues for
the importance of localized mechanical effects
rather than (or in addition to) systemic factors in
controlling such growth.

Developmental mechanisms

These findings have more general implications
regarding long bone developmental mechanisms,
specifically, the relative importance of direct
mechanical versus systemic (genetic, hormonal)
effects on bone growth. On balance, results from
experimental animal studies indicate little effect
of moderate changes in mechanical loading (short
of traumatic injury) on growth in long bone
length (Lanyon, 1980; Biewener and Bertram,
1993). Clinical studies of human children indicate
that some limb shortening may occur with partial
limb paralysis (Stinchfield et al., 1949; Staheli
et al., 1968; McDaid et al.,, 2002), although
effects of this kind are generally relatively minor
compared to those on bone cross-sectional
dimensions (see below). These results are con-
sistent with the present study findings: growth
trajectories in femoral/humeral length propor-
tions are seemingly unaffected by the major
change in mechanical loadings occurring at about
1 year of age. Furthermore, the characteristically
longer human femur begins to develop even
prior to birth and femoral/humeral proportions
are already not far from adult proportions
(within 10%) in infancy. Thus, it seems likely
that long bone length proportions are highly

heritable,
modifiable.

Conversely, development of normal long bone
cross-sectional morphology appears to be strongly
dependent upon mechanical stimuli. Characteristic
human femoral/humeral strength proportions do
not develop until after the adoption of bipedal
gait. Subsequent changes in strength proportions
are closely tied to mechanical factors as well—
behavioral events occurring during early childhood
and later changes in body size. With regard to the
latter, it is important to recognize that growth in
bone strength is not simply a function of the linear
growth of long bones: correlations between growth
velocities for stature and bone strength (humeral
and femoral) are extremely low (Ruff, 2003). Many
other studies have demonstrated the environ-
mental (mechanical) sensitivity of long bone cross-
sectional diaphyseal morphology during growth
(Lanyon, 1980; Woo et al., 1981; Biewener and
Bertram, 1994, and references therein; Ruff et al.,
1994; Trinkaus et al., 1994), although there is also
a genetic component to cross-sectional growth
(Volkman et al., 2003).

Thus, while both genetics and environment (and
their interaction) undoubtedly play a role in all
aspects of long bone growth, growth in length
appears to be less responsive to changes in
actual mechanical loadings during life than
growth in cross-sectional dimensions. In terms of
interpreting fossil long bone morphology, this
suggests that individuals/species undergoing a
behavioral transition, e.g., to bipedalism, might
first express this transition through alterations in
bone cross-sectional structure, prior to longer-term
genetic selection for a change in limb length
proportions.

The results of the present study also have impli-
cations regarding methods of analysis of onto-
genetic data. Most previous studies of human and
nonhuman primate long bone proportional
changes during growth have employed relatively
simple models involving fitting of single log-linear
regressions over the entire growth period (Lumer,
1939; Shea, 1981; Buschang, 1982a,b; Jungers
and Susman, 1984; Jungers and Hartmann,
1988). While such analyses can illuminate
general allometric trends, they can also obscure

although partially environmentally



C. Ruff’ | Journal of Human Evolution 45 (2003) 317-349 339

more subtle, but functionally critical, changes in
proportions. All of the analyses here—of bone
length, bone strength, and muscle area
proportions—indicate that growth patterns are not
unilinear. Growth trajectories for bone length pro-
portions come the closest to approximating a
simple log-linear trend (through mid-adolescence),
but even they undergo a significant change in slope
in mid-childhood. The cause for this change in
trajectory is not clear, and merits further investi-
gation at the level of proximate causes, i.e.,
changes in growth plate activity in different meta-
physes (Kember and Sisson, 1976; Karrholm et al.,
1984; Pritchett, 1991). (Interestingly, adult values
for femoral bicondylar angle, also dependent on
differential metaphyseal growth, are also reached
at about mid-childhood (Salenius and Vankka,
1975; Tardieu and Trinkaus, 1994).) The reversal
in the femoral/humeral length trajectory in late
adolescence has not, to my knowledge, been
described previously, but is consistent with the late
epiphyseal union of the (proximal) humerus rela-
tive to femoral epiphyses (Krogman, 1962); the
proximal humeral epiphysis contributes the
majority of growth in length of the humerus
throughout development (Pritchett, 1991). Growth
trajectories for bone strength proportions are even
more strongly nonlinear. One reason why such
changes have not generally been observed is the
difficulty in discerning relatively subtle shifts in
trajectory utilizing cross-sectional samples, where
sampling bias blurs true growth-related differ-
ences. Examining data as (log) ratios also aids
in discriminating minor proportional changes.
Finally, inclusion of known-aged individuals,
spanning the entire developmental period, can be
important in elucidating functional interrelation-
ships (e.g., the inclusion of pre-ambulatory infants
in the present study).

It should be noted that these analyses, even
though based on longitudinal data, were not
designed to capture growth velocity information
per se. Averaging across individuals is well-known
to obscure true growth velocities (e.g., Tanner,
1955), thus, the group averaged curves shown
here for bone lengths and strengths, and muscle
areas, are inadequate for reconstructing such
parameters. Other analyses of the same data

(Ruff, 2003) demonstrate clear growth velocity
changes, e.g., adolescent growth spurts, in all
bone and muscle parameters, although the timing
of such spurts varies between parameters, and
also relative to stature and body mass growth
velocities.

Sexual dimorphism

Males and females share the same general pat-
terns of change in skeletal proportions during
growth, but also differ in certain aspects. These
differences can be attributed to two factors: 1) the
development of greater upper body strength in
males/lower body strength in females, and 2) the
earlier maturation of females during adolescence.

The development of a sex difference in lower/
upper limb muscle area during growth has been
previously documented (e.g., Tanner et al., 1981).
While changes occurring during adolescence have
often been emphasized in this context (Parker
et al., 1990; Round et al., 1999), some data suggest
that this pattern is established earlier in childhood
and is accentuated in adolescence (Tanner et al.,
1981). In the present study sample, greater thigh
muscle area in females, and greater forearm muscle
area in males, is evident by mid-childhood. The sex
difference in proportions then increases during
adolescence. Sex differences in relative femoral/
humeral bone strength are evident even earlier,
beginning at 1 year of age. When expressed relative
to body size (body mass-bone length), differences
between the sexes in femoral and humeral strength
are quite similar to those in muscle areas of the
corresponding limbs. Thus, differential develop-
ment of muscle in the upper and lower limbs,
beginning in childhood, may largely explain sex
differences in relative bone strengths. Muscular
growth is particularly highly correlated with bone
strength growth in the upper limb in males (Ruff,
2003).

The very early appearance of a sex difference in
femoral/humeral strength proportions is initiated
by the decline in this proportion between 6 months
and 1 year of age in males, and the lack of such a
decline in females. This sex difference then
increases to about 3 years of age, after which it is
stable throughout the rest of growth (with some
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minor fluctuations in later adolescence). This pat-
tern suggests a difference between the sexes in
lower/upper limb use as early as infancy. Despite
anecdotal impressions that girls may start standing
and walking before boys, controlled observations
have found no evidence for a significant sex differ-
ence in the timing of onset of unassisted walking
(Burnett and Johnson, 1971; Stanitski et al., 2000).
Studies of the development of gait during child-
hood (e.g., McGraw, 1940; Burnett and Johnson,
1971; Sutherland et al., 1980) generally do not
include specific comparisons between boys and
girls. However, broader studies of motor coordi-
nation and neuromuscular development suggest
that some gender differences in limb use may be
present even in young infants (Touwen, 1976; Piek
et al., 2002), and more pronounced differences are
apparent in young children. In a meta-analysis of
64 studies of more than 30,000 subjects, Thomas
and French (1985) found a highly significant dif-
ference between boys and girls as young as 3 years
of age in throwing ability, which they attributed
largely to biological rather than environmental
(cultural) differences. Interestingly, other measures
of motor performance that reflected mainly lower
limb development/coordination (running, jump-
ing, etc.) showed much less striking gender differ-
ences in young children, and were considered to
be more culturally determined. Thus, there may
indeed be sex-related differences in physical devel-
opment and/or neurological control of the upper
and lower limbs beginning at a very young age,
which could be related to the differences in skeletal
strength documented here. The fact that such
differences have not (to my knowledge) previously
been demonstrated may be a consequence of past
studies relying on cross-sectional rather than
longitudinal data and focusing mainly on older
children.

Unlike bone strength, femoral/humeral length
proportions do not show any sex-related differ-
ences in childhood. This again emphasizes the
relative independence, or uncoupling, of growth in
bone length and strength. There is a transient
sex difference in length proportions in mid-
adolescence, but this is caused by the second
factor noted above—the earlier maturation of
females during adolescence—combined with the

later growth in length of the humerus (in both
sexes). By late adolescence the sexes are similar
in length proportions, again unlike strength
proportions.

Baboons

Baboons show much less extreme changes in
femoral/humeral proportions during growth than
humans, which is consistent with their much
less pronounced changes in locomotion. Young
juvenile baboons do show a slight increase with
growth in femoral/humeral strength, with adult
strength proportions only reached at about
2.5 years of age. This age change is similar to that
described for body segment masses in juvenile
macaques, in which the relative mass of the hind-
limb increases more than that of the forelimb
during growth, resulting in a posterior shift in the
body center of gravity (Grand, 1981; Turnquist
and Wells, 1994). This redistribution of mass
occurs between birth and about 2 years of age in
Macaca mulatta, and has been proposed to be
linked to the development of greater “hindlimb
propulsive forces” during growth (Turnquist and
Wells, 1994, p. 495), which would be concordant
with the increase in relative femoral strength.
However, experimental data collected on young
infant macaques indicate no fundamental differ-
ences in fore to hindlimb ground reaction forces
from those of adults (Kimura, 2000). Detailed
quantitative information on juvenile baboon loco-
motion appear to be lacking, but qualitative obser-
vations in the wild indicate that P. cynocephalus
infants are actively locomoting on the ground
within the first several months of life, although
they rely on their mothers for long distance trans-
port until about 5-6 months of age (Altmann,
1980), which is still prior to the age of the youngest
individuals in the present sample. More data are
needed specifically on ontogenetic changes in
baboon locomotion, experimentally and in the
wild, over a period extending beyond -early
infancy, to better interpret the skeletal propor-
tional changes observed here. It would also be
interesting to examine bone strength proportions
in very young (neonatal) baboon infants, before
they begin to actively locomote.
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The interpretation of bone strength proportions
in baboons presented here is slightly different than
that reported earlier for this sample (Ruff, 2002),
in which the relative constancy of these propor-
tions was emphasized (although a slight difference
between juveniles and adults was noted). In fact,
femoral/humeral strength proportions remain
virtually constant during most of the growth
period in baboons, and in particular in older
juveniles, which are the appropriate comparative
sample for the subadult fossil specimen previously
analyzed (KNM-RU 2036, Proconsul heseloni).
Thus, comparisons of interlimb bone strength pro-
portions between the fossil specimen and adult
catarrhines (Ruff, 2002) are valid. The identifi-
cation of more subtle patterns of ontogenetic vari-
ation in baboons here is a result of the technique
employed, i.e., detailed examination of age trends
in log ratios.

Bone length proportions in baboons show a
contrasting ontogenetic pattern to strength pro-
portions, with the humerus gradually increasing in
length relative to the femur until late adolescence,
i.e., epiphyseal closure. The change is very close to
log-linear over this entire time period, with no
abrupt change in early development (similar to
humans). Thus, both the direction and age-
dependence of this trajectory are different from
that for bone strength, once again demonstrating
the relative independence of length and strength
proportions. The pattern of change in length pro-
portions is different than that described for M.
mulatta by Lumer and Schultz (1941), in which
hindlimb length dimensions increased slightly
faster than forelimb length dimensions postnatally.
Calculating reduced major axis slopes from their
tabulated postnatal data, log-transformed, yields a
value of 1.0731+0.0311 (n=10, p<0.05) for thigh
length against arm length, while the same pro-
cedure for femur length against humerus length
in the present sample of baboons gives a value
of 0.9662+0.0100 (n=30, p<0.01). Jungers and
Fleagle (1980), in a longitudinal study, also pre-
sented data consistent with greater growth in
length of the femur than humerus in two species of
Cebus. Among cercopithecines, P. cynocephalus
adults do not have unusually long humeri rela-
tive to femora, in fact, the overall size trend in

cercopithecines appears to be one of negative
rather than positive allometry, although adult P.
cynocephalus are isometric (Ruff, 2002 and see
above). Determining whether this growth trajec-
tory is specific to baboons or this particular taxon
awaits further ontogenetic data for other species.

Finally, it is apparent that baboons have
stronger bones relative to body size than humans
at all stages of development (Fig. 12). This is not
surprising given previous demonstrations of the
relative gracility of modern human long bones
compared to those of other primates (Ruff, 2000).
It is also consistent with the observed decline in
robusticity of the hominin femur over the past
3 million years in both adults (Ruff et al., 1993,
1999; Ruff, 1998) and juveniles (Ruff et al., 1994;
Trinkaus et al., 2002). The degree to which the
relative strength of human long bones has declined
can be appreciated by comparing relative femoral
strength between humans and baboons: even
though in humans the femur supports all of body
weight during locomotion, as opposed to only
partial body weight in baboons, on average over
all ages shown in Fig. 12, it is still almost 40%
weaker than the baboon femur. The human
humerus, of course, is relatively even weaker than
its corresponding bone in the baboon, although
this greater difference progressively develops dur-
ing life, as would be expected. As noted above, all
of the juvenile baboons here were active quadru-
peds engaging in a wide array of locomotor activi-
ties. Thus, even at an early age mechanical
loadings on the femur and humerus were likely
higher than those on developmentally comparable
humans. Obtaining additional data on neonatal
baboons would again be very interesting in this
regard.

Summary and conclusions

Detailed longitudinal analysis of a sample of
human children reveals complex changes in human
femoral to humeral proportions during growth
that vary depending on the skeletal characteristic
and age range examined. Growth trajectories for
both bone length and bone strength proportions
are not well described by simple log-linear models.
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In infants the femur and humerus are nearly
equal in strength relative to body size (body
mass-bone length), and are similar in this respect
to quadrupedal primates. There is a dramatic
shift in the growth trajectories for femoral and
humeral strength at 1 year of age, corresponding
to the adoption of bipedality. This is followed by
a two year period of rapid adaptation of the
femur and humerus to their new mechanical
environments (i.e., femoral strength increasing
much faster than humeral strength), during
which the child also acquires a mature gait
pattern. The rest of childhood and early adoles-
cence is characterized by a more gradual increase
in femoral relative to humeral strength, with
femoral strength paralleling growth in body size
and humeral strength progressively declining
relative to body size. Adult strength proportions
are not reached until mid-late adolescence.
Growth in upper and lower limb muscle size
generally parallels that in bone strength.
Femoral/humeral strength proportions are larger
in females beginning at an early age, and are
associated with corresponding sex-related differ-
ences in muscle size and possibly behavioral
differences.

Bone length proportions undergo relatively
much less change during growth and do not
directly reflect known behavioral events. Human
infants already possess relatively long femora/
short humeri compared to generalized quad-
rupedal primates. Femoral/humeral length propor-
tions gradually increase throughout childhood and
adolescence, with a slight reduction in rate of
increase at about 5 years of age. There is no change
in length proportion trajectories at or near one
year of age. Femoral/humeral length proportions
actually decrease slightly in mid-late adolescence
due to more prolonged growth of the humerus.
Males and females show no differences in length
proportions except for a transient difference in
mid-adolescence due to the later growth of the
humerus and later adolescent growth spurt in
males. While sex differences in muscle areas in the
lower and upper limbs are related to sex differences
in bone strengths, no such relationship is apparent
between sex differences in muscle area and bone
lengths.

Thus, although both femoral/humeral strength
and length proportions increase in humans dur-
ing growth, the two types of characteristics
appear to be largely independent in terms of
specific physiological responses to their environ-
ments. Bone strengths appear to respond more to
changes in actual mechanical loadings, and as a
consequence interlimb strength proportions can
vary dramatically with a change in behavior, i.e.,
the adoption of bipedal gait. In contrast, growth
in bone length appears to be much less dependent
on mechanical loadings and is more genetically
or systemically determined. These findings have
implications for the interpretation of morphologi-
cal variation in fossil hominins. First, it is im-
portant to consider developmental status in
assessing proportional differences between speci-
mens, particularly bone strength proportions,
which change dramatically and do not reach
adult values until mid-late adolescence. Second,
during locomotor behavioral transitions, mosaic
patterns of variation in limb bone morphology
might be expected, with strength proportions
more directly reflecting current limb usage, prior
to longer-term selection for changes in length
proportions.

Comparisons with an ontogenetic baboon
sample highlight the specific nature of the human
developmental pattern. Baboons also show evi-
dence of some developmental changes in propor-
tions that may be indicative of anatomical and/or
behavioral shifts during growth.
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Appendix Table 1
Means and SD’s of log-transformed data by age group, total sample (n=20)"

Age (yrs) Ln (Section Modulus) Ln (Maximum Length) Ln (Muscle Area)

Femur Humerus Fem./Hum. Femur Humerus Fem./Hum. Thigh Forearm Thigh/Forearm
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

0.5 492 017 458 013 033 015 479 004 450 006 029 006 702 020 663 016 039 0.19
1.0 535 022 5.1 0.17 023 017 498 0.04 469 005 030 004 722 024 685 0.13 038 0.18
1.5 5.69 0.8 530 015 039 020 511 0.04 481 005 030 004 733 027 694 013 039 024
2.0 589  0.15 540 013 049 015 521 0.04 491 0.04  0.31 0.03  7.51 0.20  7.01 0.13 050  0.20
2.5 6.00 012 547 014 053 0.15 529 0.04 497 0.05 032 0.03 7.58 017 7.06 0.14 053 0.14
3.0 6.11 0.14 552 014 059 0.17 536 0.05 503 0.05 032 003 773 0.8 713 0.15 0.6l 0.17
3.5 620  0.13 558 016  0.62  0.18 542 0.05 508 005 033 002 78 017 715 013 0.65 0.15
4.0 629 015 565 017 0.64 0.18 548  0.05 513 0.05 034 0.03 790 019 721 0.09 0.69 0.17
4.5 636  0.15 5.71 0.18 065 018 552  0.05 517 0.05 035 0.03 797  0.13 727 010 070  0.13
5.0 643 015 578 019 065 016 556  0.05 5.21 005 035 002 805 014 733 014 073 0.15
5.5 652 017 585 019 0.67 0.17 5.6l 0.05 526 0.05 035 0.03 8.09  0.18 7.39  0.11 0.70  0.18
6.0 659 016 592 020 068  0.17 565 0.06 530 0.05 035 0.03 8.12 0.8 7.44  0.11 0.69  0.17
6.5 6.69 015 597 020 072 0.8 568 0.06 533 0.05 036 0.03 823 0.8 745 010 078  0.15
7.0 6.77 015 6.04 019 073 0.15 572 0.06 536 005 036 0.03 824 016 752 0.2 073  0.14
7.5 684 016 609 019 075 0.15 575 0.06 539 0.05 036 0.03 830 016 7.57 0.3 074  0.14
8.0 6.91 0.15 615 020 076 0.16 578 006 542 005 037 0.03 836 0.16 7.6l 012 075  0.15
8.5 698 016 622 022 076 0.18 582 0.06 545 0.05 037 0.03 842 017 7.64 0.12 0.79 0.16
9.0 7.06 016 627 0.21 0.79 017 585 0.06 547 0.05 038 0.03 847 017 771 0.12 077  0.16
9.5 712 0.16  6.31 022 0.81 0.18 587 0.06 549 0.05 038 0.04 852 0.18 7.73  0.11 0.80  0.15
10.0 719 016 633 023 086 0.19 590  0.06 552 0.06 038 0.03 856 020 7.77 0.2  0.79  0.16
10.5 725  0.18 638 022 087  0.17 592 0.06 554 006 038 0.03 8.61 020 780 012 082 0.16
11.0 733 017 645 0.21 0.89  0.17 595  0.06 556 0.06 039 0.03 8.69  0.21 782 012 087  0.17
11.5 739 0.18 6.48 023 091 020 597 006 559 0.06 039 0.03 874 019 7.84 0.13 090 0.15
12.0 746 019 655 022 092 021 6.00 0.06 5.61 0.06 039 0.03 882 0.19 7091 013 092 0.14
12.5 754 020 660 022 095 019 602 006 563 006 040 004 886 017 794 012 093 0.13
13.0 7.61 020 6.67 024 094 021 6.04 0.06 565 0.06 039 0.03 890 0.19 800 0.15 091 0.18
13.5 768 020 672 022 09 018 606 006 567 006 039 0.03 892 020 805 015 087 0.19
14.0 776 0.18 6.78  0.21 098  0.21 6.09  0.05 569  0.06 039 0.03 899  0.17  8.11 0.16 090 0.16
15.0 790 016 690  0.20 1.00 017 6.2  0.05 573 0.05 039 0.03 907 017 819 020 0.89 025
16.0 8.00 020 7.00 0.24 1.00  0.19 613 006 575 006 038 0.03 910 020 827 020 085 0.21
17.0 8.06 022 7.06 0.25 1.00  0.21 6.14 006 577 006 038 003 910 026 832 024 080 0.23
19.0 8.11 N 7.11 # 1.00 “ 6.15 “ 5.77 “ 0.38 “ 9.02 N 8.38 N 0.66 #

Section moduli in mm?, lengths in mm, areas in mm?.
%19 year-old mean calculated from 17-year mean as described in text (n=14). All data natural log-transformed prior to calculation of means.
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Appendix Table 2
Means and SD’s of log-transformed data by age group, females (n=10)*

Age (yrs) Ln (Section Modulus) Ln (Maximum Length) Ln (Muscle Area)
Femur Humerus Fem./Hum. Femur Humerus Fem./Hum. Thigh Forearm Thigh/Forearm

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0.5 4.85 0.18 4.57 0.16 0.28 0.16 4.81 0.02 4.52 0.07 0.29 0.07 7.04 0.18 6.63 0.14 0.41 0.37
1.0 5.42 0.22 5.13 0.19 0.29 0.17 4.99 0.04 4.70 0.04 0.29 0.03 7.23 0.24 6.84 0.14 0.39 0.36
1.5 5.75 0.20 5.27 0.19 0.49 0.18 5.12 0.05 4.82 0.05 0.30 0.03 7.32 0.33 6.93 0.15 0.39 0.40
2.0 5.91 0.19 5.35 0.14 0.56 0.14 5.22 0.05 491 0.05 0.32 0.04 7.52 0.27 7.01 0.13 0.51 0.50
2.5 6.03 0.14 5.43 0.16 0.60 0.15 5.30 0.05 4.97 0.05 0.33 0.03 7.59 0.22 7.05 0.15 0.54 0.52
3.0 6.16 0.16 5.48 0.16 0.68 0.18 5.37 0.05 5.04 0.05 0.33 0.04 7.78 0.22 7.08 0.16 0.71 0.51
3.5 6.24 0.15 5.52 0.18 0.72 0.18 5.42 0.05 5.09 0.05 0.34 0.03 7.84 0.22 7.15 0.16 0.69 0.62
4.0 6.33 0.17 5.60 0.18 0.73 0.19 5.48 0.05 5.14 0.06 0.35 0.03 7.98 0.13 7.20 0.12 0.78 0.60
4.5 6.42 0.15 5.67 0.18 0.75 0.18 5.53 0.05 5.17 0.07 0.36 0.03 8.01 0.12 7.27 0.09 0.74 0.66
5.0 6.49 0.16 5.76 0.19 0.72 0.16 5.57 0.05 5.22 0.05 0.35 0.02 8.08 0.14 7.34 0.15 0.75 0.70
5.5 6.57 0.18 5.84 0.18 0.73 0.17 5.62 0.06 5.27 0.06 0.35 0.03 8.13 0.20 7.40 0.10 0.73 0.67
6.0 6.64 0.17 5.90 0.21 0.74 0.14 5.65 0.06 5.30 0.06 0.35 0.03 8.11 0.17 7.42 0.15 0.69 0.69
6.5 6.72 0.16 5.92 0.20 0.81 0.16 5.69 0.06 5.34 0.06 0.35 0.03 8.25 0.20 7.42 0.11 0.83 0.74
7.0 6.80 0.16 6.01 0.21 0.79 0.15 5.73 0.06 5.37 0.06 0.36 0.03 8.26 0.19 7.50 0.14 0.76 0.69
7.5 6.87 0.17 6.07 0.22 0.80 0.17 5.76 0.06 5.40 0.06 0.36 0.03 8.27 0.20 7.53 0.17 0.74 0.73
8.0 6.94 0.19 6.12 0.23 0.82 0.16 5.79 0.06 5.43 0.05 0.36 0.03 8.40 0.19 7.59 0.15 0.82 0.69
8.5 7.01 0.19 6.19 0.24 0.82 0.17 5.82 0.06 5.45 0.06 0.38 0.03 8.40 0.19 7.62 0.16 0.79 0.79
9.0 7.09 0.19 6.24 0.24 0.85 0.16 5.85 0.06 5.48 0.05 0.38 0.03 8.52 0.15 7.66 0.13 0.86 0.67
9.5 7.14 0.19 6.27 0.23 0.87 0.16 5.88 0.07 5.50 0.06 0.38 0.03 8.55 0.18 7.71 0.13 0.84 0.76
10.0 7.23 0.19 6.28 0.25 0.95 0.17 591 0.07 5.52 0.07 0.38 0.03 8.56 0.25 7.75 0.14 0.81 0.76
10.5 7.26 0.21 6.34 0.25 0.92 0.17 5.93 0.07 5.55 0.07 0.38 0.02 8.66 0.21 7.79 0.15 0.87 0.76
11.0 7.36 0.21 6.41 0.20 0.95 0.15 5.96 0.07 5.58 0.06 0.38 0.02 8.74 0.25 7.79 0.14 0.96 0.79
11.5 7.42 0.20 6.44 0.23 0.98 0.20 5.98 0.07 5.60 0.07 0.38 0.03 8.78 0.23 7.82 0.15 0.96 0.84
12.0 7.51 0.21 6.51 0.22 1.00 0.19 6.01 0.07 5.63 0.06 0.38 0.03 8.84 0.23 7.88 0.13 0.97 0.88
12.5 7.58 0.22 6.57 0.23 1.02 0.19 6.03 0.06 5.64 0.06 0.39 0.03 8.85 0.19 7.92 0.12 0.93 0.93
13.0 7.66 0.21 6.63 0.25 1.03 0.20 6.05 0.05 5.67 0.05 0.39 0.03 8.92 0.18 7.95 0.12 0.97 0.85
13.5 7.73 0.20 6.70 0.23 1.03 0.19 6.06 0.04 5.68 0.05 0.38 0.03 8.90 0.22 8.04 0.13 0.87 0.88
14.0 7.79 0.19 6.71 0.19 1.08 0.23 6.08 0.04 5.70 0.05 0.38 0.03 8.97 0.18 8.02 0.14 0.95 0.84
15.0 7.85 0.16 6.79 0.17 1.06 0.20 6.10 0.04 5.72 0.04 0.38 0.03 9.07 0.19 8.04 0.15 1.03 0.76
16.0 7.87 0.15 6.84 0.16 1.03 0.19 6.10 0.04 5.73 0.05 0.38 0.03 9.03 0.20 8.10 0.12 0.93 0.76
17.0 7.90 0.16 6.86 0.11 1.04 0.17 6.10 0.04 5.73 0.05 0.38 0.03 8.98 0.29 8.08 0.13 0.90 0.70
19.0 7.93 N 6.85 N 1.06 N 6.10 N 5.73 N 0.37 N 8.87 N 8.12 N 0.75 N

Section moduli in mm?, lengths in mm, areas in mm?>.
#19 year-old mean calculated from 17-year mean as described in text (n=7). All data natural log-transformed prior to calculation of means.
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Appendix Table 3
Means and SD’s of log-transformed data by age group, males (n=10)*

Age (yrs) Ln (Section Modulus) Ln (Maximum Length) Ln (Muscle Area)
Femur Humerus Fem./Hum. Femur Humerus Fem./Hum. Thigh Forearm Thigh/Forearm

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0.5 498 0.13 460 0.09 038 013 477 005 447 005 029 0.06 7.00 022 663 018 037 024
1.0 527 020 510 016 0.18 016 497 0.03 467 006 030 0.04 7.21 024 685 0.12 036 0.18
1.5 563  0.15 534 0.09 029 0.18 510 0.04 480 005 031 0.05 734 021 694 010 040 0.1
2.0 587 010 545 0.09 042 0.13 520 0.04 491 004 030 002 750 009 700 0.14 050 0.15
2.5 598  0.11 552 0.10 046 0.13 528 0.04 498 005 031 0.03 758 0.11 7.06 013 052 0.12
3.0 6.07  0.11 556 0.12  0.51 012 535 004 503 0.05 032 002 767 008 7.6 0.14 0.1 0.14
3.5 6.17 0.10 565 013 053 0.14 541 0.05 508 005 033 002 776 010 7.14  0.11 0.62 0.14
4.0 625 012 570 0.14 054  0.11 547  0.05 513 0.05 034 003 781 020 7.21 0.06 060  0.19
4.5 630  0.13 574 018 056  0.13 5.51 0.05 517  0.05 034  0.03 793  0.15 727  0.11 0.66  0.13
5.0 6.38  0.13 580 020 058 014 555 0.05 5.21 0.05 035 002 8.01 0.13 731 0.13 070  0.16
5.5 646 0.14 586 020 0.61 0.16 560 0.05 525 0.04 036 002 804 016 737 012 067 0.19
6.0 654 014 594 020 0.61 0.16 564 006 529 005 036 0.03 8.13 020 744 007 069 022
6.5 6.65 015 602 019 0.64 0.17 568 0.06 532 005 036 0.03 8.21 0.16 747 008 074 0.13
7.0 674  0.13 607 0.18 067 0.13 572 006 535 005 036 0.03 822  0.13 7.53 010 0.69  0.10
7.5 6.81 0.14  6.11 0.16  0.71 012 575 006 539 005 036 0.03 832 012 759 010 073  0.10
8.0 6.87  0.11 6.18 0.18 069 0.15 578  0.06  5.41 005 037 004 832 012 762 008 0.69 0.09
8.5 696 013 626 020 0.70 0.19 5.81 0.06 544 004 037 0.04 844 0.17 7.65 008 079 0.16
9.0 7.02 013 629 018 073 016 584 006 547 005 037 0.03 842 017 775 0.09 067 0.14
9.5 7.10  0.11 635 021 0.75  0.18 586 0.06 549 005 038 004 850 0.19 7.74  0.10 0.76  0.15
10.0 715 012 638 021 0.77  0.18 589 0.06 551 005 038 004 85 0.17 7.80 0.09 076 0.13
10.5 723 015 642 020 082 0.17 592 006 553 005 038 004 856 0.17 7.80  0.10 0.76  0.13
11.0 7.31 012 648 022 082 0.18 594 006 555 005 039 004 864 016 785 009 079 0.11
11.5 736 016 652 023 083 0.19 597 0.06 558 0.05 039 0.03 8.71 0.15 787  0.09 084 0.12
12.0 7.41 0.17 658 024 083 0.21 599 0.06 559 005 040 0.03 880 017 792 012 083 0.10
12.5 750 017  6.62 0.1 088 017  6.01 0.07 5.61 0.06 040 004 887 0.6 794 0.3 093 0.10
13.0 756 018 670 024 0.86 0.18 6.04 0.07 564 0.07 040 0.03 8.88  0.21 8.03 0.18 085 0.17
13.5 764 019 675 022 0.89 0.14 6.06 0.07 567 0.07 040 0.03 8.94  0.19 8.06 0.17 088 0.14
14.0 773 017 686 022 088 013 6.09 006 569 007 040 0.03 9.01 0.16 817 0.15 084 0.16
15.0 795 014 7.02 0.17 094 0.12 614 006 574 006 040 003 9.08 0.15 832 0.16 076 0.17
16.0 812 016 716 019 097 019 6.17 0.05 578  0.06 039 003 917 0.17 8.41 0.15 076  0.18
17.0 822 015 725 020 097 024 618 0.04 580 0.05 038 003 922 016 852 006 070 0.16
19.0 8.28 @ 7.36 @ 0.91 @ 6.19 @ 5.81 @ 0.38 @ 9.17 @ 8.60 @ 0.57 @

Section moduli in mm?, lengths in mm, areas in mm?.
#19 year-old mean calculated from 17-year mean as described in text (n=7). All data natural log-transformed prior to calculation of means.

6FPE—L1E (£00T) St wounjoary upwingy Jo jpuinof | [y D

943



346 C. Ruff | Journal of Human Evolution 45 (2003) 317-349

References

Alexander, R.M., 1981. Factors of safety in the structure
of animals. Sci. Prog., Oxf. 67, 109-130.

Altmann, J., 1980. Baboon mothers and infants. University of
Chicago Press, Chicago.

Asfaw, B., White, T., Lovejoy, O., Latimer, B., Simpson, S.,
Suwa, G., 1999. Australopithecus garhi: A new species of
early hominid from Ethiopia. Science 284, 629-635.

Bailey, D.A., Martin, A.D., McKay, H.A., Whiting, S.,
Mirwald, R., 2000. Calcium accretion in girls and boys
during puberty: a longitudinal analysis. J. Bone Min. Res.
15, 2245-2250.

Biewener, A.A., 1992. Overview of structural mechanics. In:
Biewener, A.A. (Ed.), Biomechanics—Structures and Sys-
tems. A Practical Approach. Oxford University Press,
Oxford, pp. 1-20.

Biewener, A.A., Bertram, E.A., 1994. Structural response of
growing bone to exercise and disuse. J. Appl. Physiol. 76,
946-955.

Biewener, A.A., Bertram, J.E.A., 1993. Mechanical loading and
bone growth in vivo. In: Hall, B.K. (Ed.), Bone. Volume 7:
Bone Growth-B. CRC Press, Boca Raton, pp. 1-36.

Bogin, B., 1999. Patterns of Human Growth, second edn.
Cambridge University Press, Cambridge.

Boye, K.R., Dimitriou, T., Manz, F., Schoenau, E., Neu, C.,
Wudy, S., Remer, T., 2002. Anthropometric assessment of
muscularity during growth: estimating fat-free mass with 2
skinfold-thickness measurements is superior to measuring
midupper arm muscle area in healthy prepubertal children.
Am. J. Clin. Nutr. 76, 628-632.

Bramblett, C.A., 1969. Non-metric skeletal age changes in the
Darajani baboon. Am. J. Phys. Anthrop. 30, 161-172.
Brear, K., Currey, J.D., Pond, C.M., 1990. Ontogenetic
changes in the mechanical properties of the femur of the

polar bear. J. Zool. 222, 49-58.

Burnett, C.N., Johnson, E.W., 1971. Development of gait in
childhood: Part II. Develop. Med. Child Neurol. 13,
207-215.

Burstein, A.H., Reilly, D.T., Martens, M., 1976. Aging of bone
tissue: Mechanical properties. J. Bone and Joint Surg. 58A,
82-86.

Buschang, P.H., 1982a. Differential long bone growth of chil-
dren between two months and eleven years of age. Am. J.
Phys. Anthrop. 58, 291-295.

Buschang, P.H., 1982b. The relative growth of the limb bones
for Homo sapiens—as compared to anthropoid ape.
Primates 23, 465-468.

Carrier, D., Leon, L.R., 1990. Skeletal growth and function in
the California gull (Larus californicus). J. Zool. 222,
375-389.

Cleveland, W.S., 1979. Robust locally weighted regression and
smoothing scatterplots. J. Amer. Stat. Assoc. 74, 829-836.

Connour, J.R., Glander, K., Vincent, F., 2000. Postcranial
adaptations for leaping in primates. J. Zool., 79-103.

Currey, J.D., 1979. Mechanical properties of bone tissues with
greatly differing functions. J. Biomechanics 12, 313-319.

Currey, J.D., 1999. What determines the bending strength of
compact bone? J. Exp. Biol. 202(Pt 18), 2495-2503.

Currey, J.D., Butler, G., 1975. The mechanical properties of
bone tissue in children. J. Bone and Joint Surg. 57A,
810-814.

Currey, J.D., Pond, C.M., 1989. Mechanical properties of very
young bone in the axis deer (Axis axis) and humans. J. Zool.
218, 59-67.

Demes, B., Jungers, W.L., 1993. Long bone cross-sectional
dimensions, locomotor adaptations and body size in
prosimian primates. J. Hum. Evol. 25, 57-74.

Erikson, G.E., 1963. Brachiation in New World monkeys
and in anthropoid apes. Symp. Zool. Soc. Lond. 10,
135-164.

Frost, H.M., 1997. On our age-related bone loss: insights from
a new paradigm. J. Bone Miner. Res. 12, 1539-1546.

Gavan, J.A., 1971. Longitudinal postnatal growth in
chimpanzee. In: Bourne, G.H. (Ed.), The Chimpanzee,
Vol. 4. Behavior, Growth, and Pathology of Chimpanzees.
University Park Press, Baltimore, pp. 46-102.

Grand, T.I., 1981. The anatomy of growth and its relation to
locomotor capacity in Macaca. In: Chiarelli, A.B.,
Corruccini, R.S. (Eds.), Primate Evolutionary Biology.
Springer-Verlag, Berlin, pp. 35-43.

Green, W.T., Wyatt, G.M., Anderson, M., 1946. Orthoroent-
genography as a method of measuring the bones of the
lower extremities. J. Bone and Joint Surg. 28, 60-65.

Hall, B.K., Herring, S.W., 1990. Paralysis and growth of the
musculoskeletal system in the embryonic chick. J. Morphol.
206, 45-56.

Hallgrimsson, B., Willmore, K., Hall, B.K., 2002. Canalization,
developmental stability, and morphological integration in
primate limbs. Yearb. Phys. Anthrop. 45, 131-158.

Hansman, C., 1970. Anthropometry and related data, anthro-
pometry skinfold thickness measurements. In: McCammon,
R.W. (Ed.), Human Growth and Development. Charles C.
Thomas, Springfield, pp. 103-154.

Hartwig-Scherer, S., Martin, R.D., 1991. Was “Lucy” more
human than her “child”? Observations on early hominid
postcranial skeletons. J. Hum. Evol. 21, 439-450.

Hensinger, R.N., 1986. Standards in Pediatric Orthopedics.
Raven Press, New York.

Hirsch, C., Evans, F.G., 1965. Studies on some physical
properties of infant compact bone. Acta Orthop. Scand. 35,
300-313.

Johanson, D.C., Lovejoy, C.O., Kimbel, W.H., White, T.D.,
Ward, S.C., Bush, M.E., Latimer, B.M., Coppens, Y., 1982.
Morphology of the Pliocene partial hominid skeleton (A.L.
288-1) from the Hadar formation, Ethiopia. Am. J. Phys.
Anthrop. 57, 403-451.

Johnston, F.E., Malina, R.M., 1966. Age changes in com-
position of the upper arm in Philadelphia children. Hum.
Biol. 38, 1-21.

Jungers, W.L., 1982. Lucy’s limbs: skeletal allometry and
locomotion in Australopithecus afarensis. Nature 297,
676-678.



C. Ruff | Journal of Human Evolution 45 (2003) 317-349 347

Jungers, W.L., 1985. Body size and scaling of limb proportions
in primates. In: Jungers, W.L. (Ed.), Size and Scaling in
Primate Biology. Plenum Press, New York, pp. 345-381.

Jungers, W.L., Fleagle, J.G., 1980. Postnatal growth allometry
of the extremities in Cebus albifrons and Cebus apella: a
longitudinal and comparative study. Am. J. Phys. Anthrop.
53, 471-478.

Jungers, W.L., Hartmann, S.E., 1988. Relative growth of the
locomotor skeleton in orang-utans and other large-bodied
hominoids. In: Schwartz, J.H. (Ed.), Orang-utan Biology,
pp. 347-359.

Jungers, W.L., Susman, R.L., 1984. Body size and skeletal
allometry in African apes. In: Susman, R.L. (Ed.), The
Pygmy Chimpanzee: Evolutionary Morphology and
Behavior. Plenum Press, New York, pp. 131-177.

Kahumbu, P., Eley, R.M., 1991. Teeth emergence in wild olive
baboons in Kenya and formulation of a dental schedule for
aging wild baboon populations. Am. J. Primatol. 23, 1-9.

Karrholm, J., Hansson, L.I., Selvik, G., 1984. Longitudinal
growth rate of the distal tibia and fibula in children. Clin.
Orthop. 191, 121-128.

Keller, T.S., Lovin, J.D., Spengler, D.M., Carter, D.R., 1985.
Fatigue of immature baboon cortical bone. J. Biomechanics
18, 297-304.

Kember, N.F., Sisson, H.A., 1976. Quantitative histology of
the human growth plate. J. Bone and Joint Surg. 58-B,
426-435.

Kimura, T., 2000. Development of quadrupedal locomotion on
level surfaces in Japanese macaques. Folia Primatol. 71,
323-333.

Krogman, W.M., 1962. The Human Skeleton in Forensic
Medicine. Charles C Thomas, Springfield, Illinois.

Lanyon, L.E., 1980. The influence of function on the develop-
ment of bone curvature. An experimental study on the rat
tibia. J. Zool. 192, 457-466.

Leigh, S.R., 1996. Evolution of human growth spurts. Am. J.
phys. Anthrop. 101, 455-474.

Lumer, H., 1939. Relative growth of the limb bones in the
anthropoid apes. Hum. Biol. 11, 379-392.

Lumer, H., Schultz, A.H., 1941. Relative growth of the limb
segments and tail in macaques. Hum. Biol. 13, 283-305.
Malina, R.M., Johnston, F.E., 1967. Relations between bone,
muscle and fat widths in the upper arms and calves of boys
and girls studied cross-sectionally at ages 6 to 16 years.

Hum. Biol. 39, 211-223.

Maresh, M.M., 1943. Growth of the major long bones in
healthy children. Am. J. Dis. Child. 66, 227-257.

Maresh, M.M., 1955. Linear growth of long bones of
extremities from infancy through adolescence. Am. J. Dis.
Child. 89, 725-742.

Maresh, M.M., 1961. Bone, muscle, and fat measurements.
Longitudinal measurements of the bone, muscle and fat
widths from roentgenograms of the extremities during the
first six years of life. Pediatrics 28, 971-984.

Maresh, M.M., 1966. Changes in tissue widths during growth.
Am. J. Dis. Child. 111, 142-155.

Maresh, M.M., 1970. Measurements from roentgenograms,
heart size, long bone lengths, bone, muscles and fat widths,
skeletal maturation. In: McCammon, R.W. (Ed.), Human
Growth and Development. Charles C. Thomas, Springfield,
pp. 155-200.

McCammon, R.W., 1970. Human Growth and Development.
Charles C. Thomas, Springfield, IL.

McDaid, P.L., Kozin, S.H., Thoder, J.J., Porter, S.T., 2002.
Upper extremity limb-length discrepancy in brachial plexus
palsy. J. Pediatr. Orthop. 22, 364-366.

McGraw, M.B., 1940. Neuromuscular development of the
human infant as exemplified in the achievement of erect
locomotion. J. Pediatrics 17, 747-771.

McHenry, H.M., 1978. Fore- and hindlimb proportions in
Plio-Pleistocene hominids. Am. J. Phys. Anthrop. 49, 15-22.

McHenry, H.M., Berger, L.R., 1998. Body proportions in
Australopithecus afarensis and africanus and the origin of
the genus Homo. J. Hum. Evol. 35, 1-22.

McLeish, R.D, Charnley, J., 1970. Abduction forces in the
one-legged stance. J. Biomechanics 3, 191-209.

Napier, J.R., Napier, P.H., 1967. A Handbook of Living
Primates. Academic Press, London.

Parker, D.F., Round, J.M., Sacco, P., Jones, D.A., 1990. A
cross-sectional survey of upper and lower limb strength in
boys and girls during childhood and adolescence. Ann.
Hum. Biol. 17, 199-211.

Phillips-Conroy, J.E., Jolly, C.J., 1988. Dental eruption
schedules of wild and captive baboons. Am. J. Primatol. 15,
17-29.

Piek, J.P., Gasson, N., Barrett, N., Case, 1., 2002. Limb and
gender differences in the development of coordination in
early infancy. Hum. Mov. Sci. 21, 621-639.

Polk, J.D., Demes, B., Jungers, W.L., Biknevicius, A.R.,
Heinrich, R.E., Runestad, J.A., 2000. A comparison of
primate, carnivoran and rodent limb bone cross-sectional
properties: are primates really unique? J. Hum. Evol. 39,
297-325.

Pritchett, J.W., 1988. Growth and predictions of growth in the
upper extremity. J. Bone and Joint Surg. 70, 520-525.
Pritchett, J.JW., 1991. Growth plate activity in the upper

extremity. Clin. Orthop., 235-242.

Pritchett, J.W., 1992. Longitudinal growth and growth-plate
activity in the lower extremity. Clin. Orthop., 274-279.
Reed, O.M., 1967. Cephalometric studies of the growth, devel-
opment, and eruption patterns of the baboon. In: Vagtborg,
H. (Ed.), The Baboon in Medical Research. II. Univ. Texas

Press, Austin, pp. 181-186.

Richmond, B.G., Aiello, L.C., Wood, B.A., 2002. Early
hominin limb proportions. J. Hum. Evol. 43, 529-548.
Round, J.M., Jones, D.A., Honour, J.W., Nevill, A.M., 1999.
Hormonal factors in the development of differences in
strength between boys and girls during adolescence: a

longitudinal study. Ann. Hum. Biol. 26, 49-62.

Rubin, C.T., Lanyon, L.E., 1982. Limb mechanics as a function
of speed and gait: a study of functional strains in the radius
and tibia of horse and dog. J. Exp. Biol. 101, 187-211.



348 C. Ruff' | Journal of Human Evolution 45 (2003) 317-349

Ruff, C.B., 1995. Biomechanics of the hip and birth in early
Homo. Am. J. Phys. Anthrop. 98, 527-574.

Ruff, C.B., 1998. Evolution of the hominid hip. In: Strasser, E.,
Rosenberger, A., McHenry, H., Fleagle, J. (Eds.), Primate
Locomotion: Recent Advances. Plenum Press, Davis, CA,
pp. 449-469.

Ruff, C.B., 2000. Body size, body shape, and long bone strength
in modern humans. J. Hum. Evol. 38, 269-290.

Ruff, C.B., 2002. Long bone articular and diaphyseal structure
in Old World monkeys and apes, I: locomotor effects. Am.
J. Phys. Anthrop. 119, 305-342.

Ruff, C.B., 2003. Long bone articular and diaphyseal structure
in Old World monkeys and apes, II: estimation of body
mass. Am. J. Phys. Anthrop. 120, 16-37.

Ruff, C.B., 2003. Growth in bone strength, body size, and
muscle size in a juvenile longitudinal sample. Bone.

Ruff, C.B., McHenry, H.M., Thackeray, J.F., 1999. The
“robust” australopithecine hip: cross-sectional morphology
of the SK 82 and 97 proximal femora. Am. J. Phys.
Anthrop. 109, 509-521.

Ruff, C.B., Trinkaus, E., Holliday, T.W., 2002. Body propor-
tions and size of Lagar Velho 1. In: Zilhdo, J., Trinkaus, E.
(Eds.), Portrait of the Artist as a Child: The Gravettian
Human Skeleton from the Abrigo do Lagar Velho and
its Archaeological Context. Instituto Portugués de
Arqueologia, Lisbon, pp. 365-391.

Ruff, C.B., Trinkaus, E., Walker, A., Larsen, C.S., 1993.
Postcranial robusticity in Homo, I: temporal trends and
mechanical interpretation. Am. J. Phys. Anthrop. 91, 21-53.

Ruff, C.B., Walker, A., 1993. Body size and body shape. In:
Walker, A., Leakey, R. (Eds.), The Nariokotome Homo
erectus Skeleton. Harvard Univ. Press, Cambridge, pp.
234-265.

Ruff, C.B., Walker, A., Trinkaus, E., 1994. Postcranial robus-
ticity in Homo, 11I: ontogeny. Am. J. phys. Anthrop. 93,
35-54.

Salenius, P., Vankka, E., 1975. The development of the tibio-
femoral angle in children. J. Bone and Joint Surg. 57A,
259-261.

Scammon, R.E., Calkins, L.A., 1929. The Development and
Growth of the External Dimensions of the Human Body in
the Fetal Period. University of Minnesota Press,
Minneapolis.

Schaffler, M.B., Burr, D.B., Jungers, W.L., Ruff, C.B., 1985.
Structural and mechanical indicators of limb specialization
in primates. Folia Primatol. 45, 61-75.

Schonau, E., Werhahn, E., Schiedermaier, U., Mokow, E.,
Schiessl, H., Schiedhauer, K., Michalk, D., 1996. Influence
of muscle strength on bone strength during childhood and
adolescence. Horm. Res. 45(Suppl. 1), 63-66.

Schultz, A.H., 1937. Proportions, variability and asymmetries
of the long bones of the limbs and the clavicles in man and
apes. Hum. Biol. 9, 281-328.

Schultz, A.H., 1953. The relative thickness of the long bones
and the vertebrae in primates. Am. J. Phys. Anthrop. 11,
277-311.

Schultz, A.H., 1973. Age changes, variability and generic
differences in body proportions of recent hominoids. Folia
Primatol. 19, 338-359.

Selker, F., Carter, D.R., 1989. Scaling of long bone fracture
strength with animal mass. J. Biomechanics 22, 1175-1183.

Shea, B.T., 1981. Relative growth of the limbs and trunk in the
African apes. Am. J. Phys. Anthrop. 56, 179-201.

Shea, B.T., 1985. Ontogenetic allometry and scaling: a discus-
sion based on the growth and form of the skull in African
apes. In: Jungers, W.L. (Ed.), Size and Scaling in Primate
Biology. Plenum Press, New York, pp. 175-205.

Smith, B.H., 1993. The physiological age of KNM-WT 15000.
In: Walker, A., Leakey, R. (Eds.), The Nariokotome Homo
erectus Skeleton. Harvard Univ. Press, Cambridge, pp.
195-220.

Staheli, L.T., Duncan, W.R., Schaefer, E., 1968. Growth
alterations in the hemiplegic child. Clin. Orthop. 60,
205-212.

Stanitski, D.F., Nietert, P.J., Stanitski, C.L., Nadjarian, R.K.,
Barfield, W., 2000. Relationship of factors affecting age of
onset of independent ambulation. J. Pediatr. Orthop. 20,
686-688.

Stinchfield, A.J., Reidy, J.A., Barr, J.S., 1949. Prediction of
unequal growth of the lower extremities in anterior
poliomyelitis. J. Bone and Joint Surg. 31A, 478-484.

Sumner, D.R., Andriacchi, T.P., 1996. Adaptation to differen-
tial loading: Comparison of growth-related changes in
cross-sectional properties of the human femur and humerus.
Bone 19, 121-126.

Sutherland, D.H., Olshen, R., Cooper, L., Woo, S.L.-Y., 1980.
The development of mature gait. J. Bone and Joint Surg.
62A, 336-353.

SYSTAT: Statistics, V.E., 1990. SYSTAT, Inc., Evanston, IL.

Tanner, J.M., 1955. Growth at Adolescence. Charles C.
Thomas, Springfield, IL.

Tanner, J.M., Hughes, P.C.R., Whitehouse, R.H., 1981. Radio-
graphically determined widths of bone muscle and fat in the
upper arm and calf from age 3-18 years. Ann. Hum. Biol. 8,
495-517.

Tanner, J.M., Whitehouse, R.H., Takaishi, M., 1966. Stan-
dards from birth to maturity for height, weight, height
velocity, and weight velocity: British children, 1965, Part 1.
Arch. Dis. Childh. 41, 454-471.

Tardieu, C., Trinkaus, E., 1994. Early ontogeny of the human
femoral bicondylar angle. Am. J. Phys. Anthrop. 95,
183-195.

Thomas, J.R., French, K.E., 1985. Gender differences across
age in motor performance a meta-analysis. Psychol. Bull.
98, 260-282.

Thorpe, S.K., Crompton, R.H., Gunther, M.M., Ker, R.F.,
McNeill Alexander, R., 1999. Dimensions and moment
arms of the hind- and forelimb muscles of common
chimpanzees (Pan troglodytes). Am. J. Phys. Anthrop. 110,
179-199.

Timoshenko, S.P., Gere, .M., 1972. Mechanics of Materials.
Van Nostrand Reinhold, New York.



C. Ruff’ | Journal of Human Evolution 45 (2003) 317-349 349

Torzilli, P.A., Burstein, A.H., Takebe, K., Zika, J.C., Heiple,
K.G., 1981. The material and structural properties of
maturing bone. In: Cowin, S.C. (Ed.), Mechanical
Properties of Bone. The American Society of Mechanical
Engineers, New York, pp. 145-170.

Torzilli, P.A., Takebe, K., Burstein, A.H., Zika, J.C., Heiple,
K.G., 1982. The material properties of immature bone. J.
Biomech. Engin. 104, 12-20.

Touwen, B., 1976. Neurological development in infancy. Clin.
Develop. Med. 58, 1-150.

Trinkaus, E., Churchill, S.E., Ruff, C.B., 1994. Postcranial
robusticity in Homo, 1I: humeral bilateral asymmetry and
bone plasticity. Am. J. phys. Anthrop. 93, 1-34.

Trinkaus, E., Ruff, C.B., Esteves, F., Coelho, J.M.S., Silva, M.,
Mendonga, M., 2002. The lower limb remains. In: Zilhao,
J., Trinkaus, E. (Eds.), Portrait of the Artist as a Child: The
Gravettian Human Skeleton from the Abrigo do Lagar
Velho and its Archaeological Context. Instituto Portugués
de Arqueologia, Lisbon, pp. 435-465.

Turnquist, J.E., Wells, J.P., 1994. Ontogeny of locomotion in
rhesus macaques (Macaca mulatta): 1. Early postnatal

ontogeny of the musculoskeletal system. J. hum. Evol. 26,
487-499.

Vinz, H., 1970. Die Anderung der Festigkeitseigenschaften
des kompakten Knochengewebes im Laufe der
Altersentwicklung. Gegenbaurs Morphol. Jahrb. 115,
257-272.

Volkman, S.K., Galecki, A.T., Burke, D.T., Paczas, M.R.,
Moalli, M.R., Miller, R.A., Goldstein, S.A., 2003. Quanti-
tative trait loci for femoral size and shape in a genetically
heterogeneous mouse population. J. Bone Min. Res. 18,
1497-1505.

Ward, C.V., 2002. Interpreting the posture and locomotion of
Australopithecus afarensis: where do we stand? Yearb. phys.
Anthrop. 45, 185-215.

Wolpoft, M.H., 1983. Lucy’s lower limbs: long enough for Lucy
to be fully bipedal? Nature 304, 59-61.

Woo, S.L.Y., Kuei, S.C., Amiel, D., Gomez, M.A., Hayes,
W.C., White, F.C., Akeson, W.H., 1981. The effect of
prolonged physical training on the properties of long bone:
a study of Wolff’s law. J. Bone and Joint Surg. 63A,
780-787.



	Ontogenetic adaptation to bipedalism: age changes in femoral to humeral length and strength proportions in humans, with a comparison to baboons
	Introduction
	Materials and methods
	Samples
	Measurements
	Statistical analysis

	Results
	Section moduli
	Bone lengths
	Muscle areas
	Bone strength relative to body size
	Comparisons to baboons

	Discussion
	Development of femoral to humeral proportions in humans
	Developmental mechanisms
	Sexual dimorphism
	Baboons

	Summary and conclusions
	Acknowledgements
	References


