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Abstract

Previous analyses have suggested that Australopithecus africanus possessed more apelike limb proportions than Australopithecus afarensis.
However, due to the errors involved in estimating limb length and body size, support for this conclusion has been limited. In this study, we use
a new Monte Carlo method to (1) test the hypothesis that A. africanus had greater upper:lower limb-size proportions than A. afarensis and (2)
assess the statistical significance of interspecific differences among these taxa, extant apes, and humans. Our Monte Carlo method imposes sam-
pling constraints that reduce extant ape and human postcranial measurements to sample sizes comparable to the fossil samples. Next, composite
ratios of fore- and hindlimb geometric means are calculated for resampled measurements from the fossils and comparative taxa. Mean composite
ratios are statistically indistinguishable (o = 0.05) from the actual ratios of extant individuals, indicating that this method conserves each sam-
ple’s central tendency. When applied to the fossil samples, upper:lower limb-size proportions in A. afarensis are similar to those of humans
(p=0.878) and are significantly different from all great ape proportions (p < 0.034), while Australopithecus africanus is more similar to
the apes (p > 0.180) and significantly different from humans and A. afarensis (p < 0.031). These results strongly support the hypothesis that
A. africanus possessed more apelike limb-size proportions than A. afarensis, suggesting that A. africanus either evolved from a more postcra-
nially primitive ancestor than A. afarensis or that the more apelike limb-size proportions of A. africanus were secondarily derived from an A.
afarensis-like ancestor. Among the extant taxa, limb-size proportions correspond with observed levels of forelimb- and hindlimb-dominated
positional behaviors. In conjunction with detailed anatomical features linked to arboreality, these results suggest that arboreal posture and
locomotion may have been more important components of the A. africanus behavioral repertoire relative to that of A. afarensis.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Previous studies of Australopithecus afarensis and Austral-
opithecus africanus have suggested that A. afarensis possessed
primitive craniodental characteristics and relatively modern
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human-like limb proportions, whereas A. africanus combined
derived craniodental anatomy with apelike limb proportions
(McHenry and Berger, 1998a,b). This may represent one of
several examples of a mosaic pattern in the evolution of hom-
inin body proportions, including the possibility of homoplasy
and/or convergent evolution (McHenry and Berger, 1998a;
Wood and Collard, 1999; Wood and Richmond, 2000;
Richmond et al., 2002). Richmond et al. (2002) and Dobson
(2005) noted several potential examples: (1) the possibility
that Homo habilis had relatively apelike humerofemoral length
proportions compared to the earlier and generally more
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primitive A. afarensis (Hartwig-Scherer and Martin, 1991; see
also Johanson et al., 1987); (2) the unusually long forearms of
the Bouri skeleton, BOU-VP 12/1 (Richmond et al., 2002), if
published length estimates are correct (Asfaw et al., 1999, but
see Reno et al., 2005a); and (3) relatively apelike upper:lower
limb-size proportions in A. africanus (and possibly H. habilis)
compared to A. afarensis (McHenry and Berger, 1998a,b).

Each of these suggested instances of homoplasy and/or
convergent evolution in hominin body proportions have been
challenged. The proposal that H. habilis had relatively apelike
humerofemoral length proportions has been weakened on sev-
eral grounds. First, Korey (1990) and Richmond et al. (2002)
noted that the error involved in estimating fragmentary fossil
limb lengths makes the current evidence too weak to support
the claim that H. habilis had more apelike humerofemoral
length proportions than A. afarensis (see also Reno et al.,
2005a, and accompanying comments). Second, Richmond
et al. (2002) and Haeusler and McHenry (2004) found that
the differences between OH 62 and A.L. 288-1 in humerofe-
moral length and shaft proportions were not excessive com-
pared to variation observed within ape species and modern
humans (especially when the errors involved in estimating fos-
sil limb lengths were taken into account), providing little sup-
port for the contention that H. habilis limb proportions were
more apelike than those of A. afarensis. Third, the length es-
timates of the OH 62 femur are based on comparisons that
use an A. afarensis femur (A.L. 288-1) as a model. Haeusler
and McHenry (2004) challenged the appropriateness of the
model because A.L. 288-1 and OH 62 represent different spe-
cies. Furthermore, the A.L. 288-1 femur is known to be rela-
tively short in comparison to femora of later Homo (Jungers,
1982), such that its use could bias estimates of the OH 62
femur towards a short length.

Haeusler and McHenry (2004) suggested that OH 34 is
a better analog and used it to reconstruct a longer femur length
for OH 62. However, there are several reasons to question
whether OH 34 is an appropriate model. Like A.L. 288-1,
OH 34 cannot be confidently attributed to the same species
as OH 62. Specimen OH 34 comes from sediments dated to
1.15—0.8 million years ago (Ma) and could belong to H. erec-
tus or Paranthropus boisei, whereas OH 62 (1.8 Ma) is attrib-
uted to H. habilis (Day and Molleson, 1976; Johanson et al.,
1987; Haeusler and McHenry, 2004). Second, OH 34 is in-
complete, so its length must first be estimated before it can
be used to reconstruct the length of OH 62, further compound-
ing estimation errors (Hartwig-Scherer, 1996; Smith,
1996a,b). Third, OH 34 shows evidence of taphonomic alter-
ation by subaerial or other modes of weathering and erosion,
probably after its fossilization, which likely contributed to
its unusual gracility relative to contemporaneous hominin
femora (Day and Molleson, 1976; Ruff, 1995; DJG and
BGR, pers. obs.). As such, the facts that OH 34 is taphonomi-
cally altered, incomplete, and possibly from a different species
suggest that it may not provide a reliable estimate of OH 62’s
femoral length. Thus far, no study has been able to compare
the limb-length proportions of OH 62 and H. habilis with sat-
isfactory precision (Korey, 1990; Richmond et al., 2002;

Collard and Lycett, 2005; Pearson and Peterson, 2005; Reno
et al., 2005a). Therefore, the question of whether H. habilis
had relatively apelike or humanlike limb-length proportions
remains unanswered.

The second potential instance of homoplasy in the early
hominin record involves the unusually long forearm lengths
reconstructed for the Bouri skeleton (Asfaw et al., 1999).
Richmond et al. (2002) noted that, given the published limb-
length estimates (Asfaw et al., 1999), the Bouri skeleton
would have had a brachial index (forearm length:humerus
length) greater than those of African apes. Recently, Reno
et al. (2005a) argued that the error surrounding the regression
estimates of the radial and humeral lengths is too great to gen-
erate reliable brachial indices for BOU-VP 12/1. Instead, they
used qualitative anatomical estimates and parsimony to con-
clude that the Bouri skeleton retained primitive, chimpanzee-
like brachial proportions. Thus, the Bouri skeleton may serve
as an example of mosaic evolution in limb proportions, com-
bining a primitively long forearm with a derived, elongated fe-
mur (Asfaw et al., 1999). However, the errors involved in
estimating the limb lengths of BOU-VP 12/1 (Collard and
Lycett, 2005; Reno et al., 2005a) and A.L. 288-1 (Richmond
et al., 2002; Reno et al., 2005a) preclude accurate character-
izations of the brachial indices for either fossil.

As Dobson (2005) noted, this leaves A. africanus as poten-
tially the only remaining published example of secondarily de-
rived limb proportions. To test the hypothesis that A. africanus
had more apelike limb-joint proportions than the earlier and
craniodentally more primitive A. afarensis, McHenry and
Berger (1998a) analyzed joint-size proportions in the two fos-
sil taxa. Although McHenry and Berger (1998b) discussed dif-
ferences in limb-/ength proportions, the focus of their analyses
was on upper:lower limb-joint-size proportions. As with over-
all limb lengths, relatively large hindlimb joints in humans are
an adaptation to bipedalism, while the opposite is true for
climbing apes (e.g., Pongo pygmaeus), which have relatively
large forelimb joints. Limb-size proportions, including articu-
lar joint surfaces, are not necessarily proxies of limb-length
proportions. However, the relative sizes of the joints and shafts
of the upper and lower limbs reflect functional demands and
are a reliable indicator of the type and magnitude of loads
transmitted through a limb during locomotion (Jungers,
1988; Godfrey et al., 1995; Currey, 2002).

McHenry and Berger (1998a) performed three analyses in
their study. They first compared associated skeletons and
found that Stw 431 (A. africanus) had larger upper:lower
limb-joint proportions than did A.L. 288-1 (A. afarensis).
More recently, Dobson (2005) used a resampling approach
to show that some, but not all, of the differences between these
two specimens were statistically significant. He showed that
Stw 431 has a significantly smaller lumbosacral joint relative
to the elbow, but that comparisons of the elbow and hip (ace-
tabulum) were not statistically significant. Based on the lim-
ited number of limb-joint elements preserved, Dobson’s
(2005) reappraisal of the first of McHenry and Berger’s
(1998a) three analyses determined that the limb proportions
of these two skeletons did not differ significantly.
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In their second analysis, McHenry and Berger (1998a)
sorted the upper- and lower-limb fossils of A. afarensis and
A. africanus into size categories, and found A. africanus to
have more small hindlimb elements. This methodology had
the advantage of including more fossils, such as distorted or
fragmentary fossils from which useful measurements were
not available, but had the disadvantage of being qualitative
and thus prone to interobserver error (Reno et al., 2005a).

In their third and final analysis, McHenry and Berger
(1998a) estimated body mass from each upper and lower
limb-joint measurement, using regression equations derived
from both African apes and modern humans. They found
that, when using the human regression, the joint measurements
from the upper and lower limbs of A. afarensis produced sim-
ilar body-mass estimates, whereas the joint measurements
from the upper limb of A. africanus produced higher estimates
than did those from the lower limb. This suggested that limb-
joint-size proportions of A. afarensis were more modern-
human-like, whereas those of A. africanus were more apelike.
While this was a clever way to derive a common size measure
from different anatomical regions, the analysis did not include
an evaluation of the statistical significance of the results.

Given the importance of relative limb size in A. africanus
for the discussion of the evolution of hominin body propor-
tions, we build on McHenry and Berger’s (1998a) analysis
by using a newly developed resampling approach to evaluate
the statistical significance of the differences in limb propor-
tions between A. afarensis, A. africanus, great apes, and mod-
ern humans.

Materials and methods
Sample

Forelimb:hindlimb ratios of limb size were calculated for
fossil samples of A. afarensis, A. africanus, and a comparative
sample drawn from mixed-sex adult skeletal collections of
Homo sapiens, Pan troglodytes, Gorilla gorilla, and Pongo
pygmaeus from the American Museum of Natural History
(AMNH), the Cleveland Museum of Natural History (CMNH),
and the National Museum of Natural History (NMNH)
(Table 1).

Measurements included in this study were restricted to
long-bone articular surfaces and cross-sectional dimensions
of long-bone shafts. Because these types of measurements
have been shown to be reliable indicators of the type and
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magnitude of loads transmitted through a limb during locomo-
tion (Jungers, 1988; Godfrey et al., 1995; Currey, 2002), fore-
limb and hindlimb sizes derived from these measurements
should preserve a functional signal related to locomotion, al-
though perhaps a different signal from that preserved by
limb lengths.

Measurements were included if at least two different spec-
imens preserving that element were available for both A. afar-
ensis and A. africanus, as identified in McHenry (1992) and
McHenry and Berger (1998a). A secondary analysis included
all long-bone elements that are preserved in A.L. 288-1. On
the basis of these criteria, three measurements were used for
the forelimb: humeral head (HUMHEAD), distal humerus
(ELBOW), and transverse radial head (RADTYV). For the
hindlimb, five measurements were used: femoral head (FEM
HEAD), subtrochanteric femoral shaft (FEMSHAFT), distal
femur (DISTFEM), proximal tibia (PROXTIB), and distal
tibia (DISTTIB). All but one of these measurements are mea-
sures of joint size; the remaining one is subtrochanteric femo-
ral shaft size (the results do not change when this
measurement is removed; see below). Descriptions of these
measurements, which follow the guidelines in McHenry and
Corruccini (1978), McHenry (1992), and McHenry and Berger
(1998a), are given below:

1. HUMHEAD is the maximum anteroposterior (AP) diame-
ter of the humeral head taken perpendicular to the shaft
axis.

2. ELBOW is the product of capitular height and articular
width of the distal humerus. Capitular height was taken
from the anteroproximal border of capitulum to the disto-
posterior border along the midline. Articular width was
taken across the anterior aspect of the articular surface
from the lateral border of the capitulum to the medial
edge of the articular surface.

3. RADTV is the mediolateral (ML) diameter of the radial
head.

4. FEMHEAD is the maximum superoinferior (SI) diameter
of the femoral head.

5. FEMSHAFT is the product of the AP and transverse diam-
eters of the femoral shaft, taken just inferior to the lesser
trochanter.

6. DISTFEM is the product of the biepicondylar and shaft
AP diameters of the distal femur.

7. PROXTIB is the product of the AP and transverse diame-
ters of the proximal tibia. The AP diameter was taken with

Table 1

Sample sizes for each variable

Species HUMHEAD? ELBOW RADTV? FEMHEAD? FEMSHAFT DISTFEM PROXTIB DISTTIB
A. afarensis 2 3 2 2 6 3 5 4

A. africanus 3 1 2 9 2 2 1 3

H. sapiens 50 50 50 50 50 50 50 50

G. gorilla 64 64 64 64 64 64 64 64

P. troglodytes 60 60 60 60 60 60 60 60

P. pygmaeus 30 30 30 30 30 30 30 30

Measurements included in this table are the long-bone measurements for which there is at least one representative specimen in the fossil samples of both A. afar-
ensis and A. africanus. Specimen A.L. 288-1 has values for each measurement except DISTFEM.
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one jaw of the calipers on the line connecting the posterior
surfaces of the medial and lateral condyles and the other
jaw on the most distant point on the medial condyle.
Transverse diameter was the distance between the most
lateral point on the lateral condyle to the most medial
point on the medial condyle (perpendicular to the AP
diameter).

8. DISTTIB is the product of the AP and transverse diame-
ters of the distal tibia. The AP diameter is the distance be-
tween the most anterior and posterior points of the talar
facet in the AP plane. Transverse diameter is the distance
between the midline of the medial malleolus and the mid-
line of the most medial point of the talar facet before the
fibular facet begins.

While the primary analysis in this study used only those mea-
surements for which two or more specimens were available
for each fossil species (measurements 1, 3—6, and 8), a second
analysis utilized all but one measurement (DISTFEM) for acom-
parison of A.L. 288-1 and the extant samples (Tables 1 and 2).
To ensure that measurements taken on the extant materials
were collected in the same manner as was described in previ-
ous publications (McHenry, 1992; McHenry and Berger,
1998a), they were first replicated on a high-quality cast of
A.L. 288-1 housed at NMNH. However, only published fossil
measurements were used for the analyses in the present study
(McHenry, 1992; McHenry and Berger, 1998a; Table 1).

Measuring relative limb-size proportions

For complete specimens, the overall sizes of the upper and
lower limbs were calculated as geometric means (GM) of all
of the measurements drawn from a particular limb. The GM
has been shown to be effective in combining multiple

measurements into a single measure of size (Mosimann,
1970; Jungers et al., 1995). In this study, HUMHEAD,
RADTYV, and FEMHEAD are linear measurements, while the
others are areal measurements. Because measurements must
be of the same dimensionality to calculate the GM (i.e., all lin-
ear measurements or all areal measurements), the linear mea-
surements were squared. For the primary analyses, forelimb
and hindlimb geometric means (FLGM and HLGM, respec-
tively) were calculated as follows:

FLGM = [HUMHEAD? * RADTV?] /2 (Equation 1)

HLGM = [FEMHEAD2 * FEMSHAFT * DISTFEM

+«DISTTIB] " (Equation 2)
After FLGM and HLGM were calculated, the ratio of forelimb
to hindlimb size was calculated as a measure of relative size
proportions between the two limbs as follows:

Relative limb-size index (RLSI) = In[FLGM/HLGM]
(Equation 3)

Smith (1999) noted that distributions built from ratios of two
positive values can be problematic in that they are bounded by
zero on the low end and are unbounded at the high end; as
such, the distributions cannot be symmetrical and thus cannot
be normal. In the same study, Smith (1999) also showed that
log-transforming the ratios—as has been done in this study—
removes this constraint because ratios greater than one become
positive, ratios less than one become negative, and therefore the
logged-ratio values are unbounded at both the high and low ends.
Additionally, our study used a randomization procedure for sig-
nificance testing (see below); randomization methods of this sort

Table 2
Fossil specimens included in the analysis
HUMHEAD? RADTV? FEMHEAD? FEMSHAFT DISTFEM DISTTIB
A. afarensis
A.L. 288-1r A.L. 288-1p A.L. 288-1ap A.L. 128-1 A.L. 129-1a A.L. 288-1ar
A.L. 333-107 A.L. 333x-14 A.L. 333-3 AL. 211-1 A.L. 3334 A.L. 333-6
A.L. 288-1ap A.L. 333w-56 A.L. 333-7
A.L. 333-3 A.L. 333-96
A.L. 333-95
A.L. 333w-40
A. africanus
Sts 7 Stw 431 Sts 14 Sts 14 Sts 34 Stw 358
Stw 328 Stw 516 Stw 25 Stw 99 T™ 1513 Stw 389
Stw 517 Stw 99 Stw 515
Stw 311
Stw 392
Stw 431%*
Stw 501
Stw 522
Stw 527

Fossil measurements were taken from McHenry (1992) and McHenry and Berger (1998a). Specimen A.L. 288-1m (ELBOW) and A.L. 288-1aq (PROXTIB) were
also included in an additional analysis.

*McHenry and Berger (1998a) noted that, while the only hindlimb element preserved in Stw 431 is a fragmentary pelvis, they were able to reconstruct femoral
head size from the mostly intact acetabulum.
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are useful because they do not make any assumptions regarding
the distribution of data (Manly, 1997). In this study, we used the
natural logarithm of forelimb:hindlimb ratios so that the magni-
tude of the difference between two ratios would be independent
of whether FLGM or HGLM was in the numerator (Smith,
1999). Additionally, equal differences between log-transformed
ratios are the same as equal proportional differences of the raw
ratios (e.g., In[2] — In[1] = In[1] — In[0.5], just as 2/1 = 1/0.5);
this allows comparison of proportional differences across the
full range of observed logged ratios.

However, since the geometric means of forelimb and hin-
dlimb measurements do not include the same number and
type of measurements, the value of a single measure of
RLSI is not easily interpreted. For example, although a positive
value for a logged ratio (and thus a value greater than 1 for an
unlogged ratio) indicates a larger number in the numerator
than in the denominator, the implications of this relationship
for relative limb size are unclear when the numerator and de-
nominator are FLGM and HLGM.

More specifically, RLSI does not convey the same informa-
tion that a ratio of lengths would because an individual RLSI
value cannot be used to determine whether the forelimb is big-
ger than the hindlimb. However, when two RLSI values are
compared for specimens A and B, if specimen A has the larger
RLSI value, it has a larger forelimb relative to its hindlimb
than specimen B does. In this manner, RLSI is a relative mea-
sure of limb size that can be used to determine whether spec-
imens, or groups of specimens, differ in the size of their
forelimbs relative to their hindlimbs. By comparing mean
RLSI values among species, one can identify whether differ-
ences in these logged ratios are associated with differences
in locomotor pattern among extant hominoids.

Pairwise taxon comparisons

It was not possible to calculate geometric means for the
incomplete fossil specimens in the manner described above
because of the lack of associated skeletons. However, it can
be mathematically demonstrated that the arithmetic mean of
RLSI values for a sample can be calculated by replacing indi-
vidual measurements in Equations 1 and 2 with the geometric
mean of each variable (Appendix). This equality can be writ-
ten as follows:

[GM (HUMHEAD?) « GM (RADTVz)]%

For each comparative and fossil species, an iterative resam-
pling procedure was repeated 5000 times (Fig. 1). First, each
measurement was sampled with replacement a number of times
equal to the smaller fossil sample size (Fig. 1, step 1). For ex-
ample, the number of measurements sampled for HUMHEAD?
was two—the sample size for A. afarensis—while the number
sampled for DISTTIB was three—the sample size for A. africa-
nus (Table 1). Once a particular measurement (e.g., HUM-
HEAD?) was sampled, the geometric mean of resampled
values was calculated (Fig. 1, step 2). This process was repeated
for the remaining five measurements and the mean RLSI was
calculated following Equation 4 (Fig. 1, steps 3 and 4). The en-
tire procedure was run 5000 times for each taxon to generate
distributions of mean RLSI values (Fig. 1, step 5).

The resampling procedure produced mean RLSI values based
on identical sample sizes for all taxa. This allowed for compara-
ble distributions of mean RLSI to be calculated for both fossil and
extant taxa, rather than single values for fossils and distributions
for the extant material. Reducing the sample size of comparative
taxa to that of fossil samples and drawing comparative samples
separately for each measurement meant that the values drawn
for each measurement in each iteration came from different sub-
sets of specimens for a particular taxon; as such, this procedure
produced distributions of mean RLSI with greater variance
than would a procedure that resampled complete individuals
anumber of times equal to the comparative sample. Accordingly,
the procedure used in this study is a more conservative test of dif-
ferences in mean RLSI than a bootstrap analysis that does not ac-
count for differences in sample size and data structure.

Significance tests for pairwise comparisons of mean RLSI
between taxa were conducted using a randomization procedure
that calculated the difference between randomly paired
RLSI values from each pair of taxon-specific distributions
(such that the difference was always calculated as [Species
A — Species B] and thus could take on positive or negative
values). Proportions were calculated for differences greater
than and less than zero, where a difference of zero indicated
equal RLSI values in the two taxa under consideration. For
a two-tailed test of significance for the difference in mean
RLSI, the larger of the two proportions is equal to (1 — 2p),
where solving for p gives the p-value. As noted above, this ran-
domization method makes no assumptions regarding the distri-
bution of the data (i.e., it is a nonparametric test; Manly, 1997).

RLSI =1In

[GM (FEMHEAD?)  GM(FEMSHAFT) + GM(DISTFEM)  GM(DISTTIB)]*

Note that geometric means are calculated independently for
each variable, so that one need not know which specimen is as-
sociated with each measurement. An approach using a Monte
Carlo method that takes advantage of this relationship was de-
veloped to calculate mean RLSI in order to allow comparison
between fossil samples with missing data and extant samples.

(Equation 4)

The advantage of the approach outlined above is that it al-
lows direct comparison of mean RLSI values between samples
without regard to missing data, thus permitting direct pairwise
comparisons among A. afarensis, A. africanus, and the extant
taxa under consideration. Despite the small sample sizes avail-
able for the fossil material, a resampling procedure of this sort
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Step 3. Repeat process for each
1772 2
mm measurement (FEMHEADZ, RADTV2, etc.)
Step 4. Calculate mean RLSI
Full comparative Step 1. Step 2. i
sample of HU MHEAD? Sample with Calculate Step 5. Repeat entire procedure 5,000
measurements replacement a geometric mean times for each taxon to generate
number of of sampled distribution of resampled mean RLSI
HUMHEAD? HUMHEAD? values
measurements measurements l
equal to the sample

size of the fossil
taxon with fewer
HUMHEAD?
measurements
(2 in this case)

Step 6. For each pairwise comparison
between taxa X and Y, randomly pair
mean RLSI values from the two
distributions and generate distribution
of [mean RLSIy - mean RLSly]

Fig. 1. A schematic diagram outlining the resampling procedure described in the text.

is legitimate because the number of unique values of mean
RLSI for a given sample is the product of the number of pos-
sible ways to perform the sampling procedure for each mea-
surement; if the fossil taxa were tested individually (in the
absence of the other fossil taxon) there would be 4,365,900
possible resampled mean RLSI values for A. afarensis and
65,637,000 possible resampled mean RLSI values for A. afri-
canus. When both taxa are considered together (and thus sam-
ple sizes are reduced in the first step of the sampling procedure
as described above and in Fig. 1), there remain 1,327,104
unique values that could be calculated for A. afarensis and
1,259,712 for A. africanus. The number of unique values
that can be calculated is sufficiently large that the resampling
procedure with 5000 iterations is unlikely to sample many
combinations more than once.

However, before using this randomization approach for pair-
wise tests of mean RLSI differences between taxa, the resampled
mean RLSI distribution for each extant species was first com-
pared to the distribution of actual individual RLSI values for
each individual of that taxon to determine if both techniques
tracked the same mean. Arithmetic means and standard devia-
tions for both actual and resampled RLSI distributions were cal-
culated and histograms are presented for visual comparison.

Sampling bias

Another possibility that should be considered is that the fossil
species may differ in relative limb size due to sampling bias. For
example, if only large, male forelimb elements are preserved for
A. africanus but a range of sizes from both sexes are preserved

, [HUMHEAD” * ELBOW = RADTVZ]%
RLSI' =1In

for the hindlimb, then RLSI will be biased, producing a value
greater than the actual population value for A. africanus. By bas-
ing RLSI on the geometric means of multiple measurements, the
influence of individual size variables is greatly reduced, but to
further investigate the effect of sampling, the pairwise-compar-
ison procedure was performed on six modified measures of
RLSI. In each case, one of the variables of the analysis was
removed (i.e., a log-transformed forelimb:hindlimb ratio was
calculated from five as opposed six elements in each case).
For example, rather than calculating forelimb size as the geo-
metric mean of HUMHEAD? and RADTV?, in one case fore-
limb size was simply equal to RADTV?, and relative limb
size was calculated as InN(RADTV*HLGM). The process of sys-
tematically removing each variable from the data set lowers the
statistical power by reducing the sample size and increases the
probability that a single variable could sway the results. We
then compared the results based on the reduced data sets to
the results of the full data set. If all of these results show the
same pattern, then it is unlikely that there is sex bias in the pres-
ervation of fore- or hindlimb elements for either fossil taxon.

A.L. 288-1

Given the remarkable preservation of A.L. 288-1, it is
worth comparing a measure of relative limb size in this fossil
specimen, in which the elements are all known to be associ-
ated, to the same measure for the individual specimens of
the extant taxa. All measurements except DISTFEM are avail-
able for A.L. 288-1, so a measure of relative limb size may be
calculated as follows:

[FEMHEAD? * FEMSHAFT * PROXTIB * DISTTIB]

(Equation 5)

S
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RLST’ was calculated for A.L. 288-1 and the extant speci-
mens. Arithmetic means and standard deviations for extant
RLSY distributions were calculated and the observed value
of RLSI' for A.L. 288-1 was considered in relation to the com-
parative extant sample.

Results
Individual RLSI versus resampled mean RLSI

The RLSI was calculated for each extant specimen; orang-
utans were shown to have the highest mean, followed by chim-
panzees, gorillas, and humans (Table 3). This relationship
reflects the large forelimb size relative to a given hindlimb
size in P. pygmaeus, and the large hindlimb size relative to
a given forelimb size in H. sapiens (Fig. 2). The ranking of
RLSI values, with orangutans highest and humans lowest, cor-
responds with relative amounts of arboreality in extant homi-
noids. An analysis of variance of RLSI found a significant
difference in means among the four extant species and no
overlap in 95% confidence intervals for any of the species
means (F = 820.43; d.f. =3, 200; p < 0.001).

When compared to resampled mean RLSI distributions, ac-
tual species means were within 0.001 log units in all cases
(i.e., ratios differ by 0.1% or less), and in all four extant spe-
cies, the resampled mean is less than 0.02 standard deviations
from the individual mean (Table 3). Furthermore, histograms
of resampled and individual distributions show no discernible
difference in means (Fig. 3). Although means differ signifi-
cantly among species, the means of actual individual RLSI
and resampled RLSI do not differ within species.

Note that, although standard deviations are roughly similar
among species for the distributions of individual RLSI, the
resampled distributions are more variable; for example,
G. gorilla is nearly twice as variable as P. troglodytes
(Table 3). This variability reflects the influence of sexual di-
morphism on skeletal size. Because the resampling technique
samples separately within each size variable, occasionally the
procedure will sample only large individuals (i.e., males) for
the forelimb and small individuals (i.e., females) for the hin-
dlimb variables, and vice versa. These resampled measure-
ments will result in unusually high and unusually low RLSI
values, respectively. In the case of taxa with high skeletal

Table 3
Comparison of individual and resampled mean RLSI values

Species Individual ratios Resampled ratios
Mean SD Mean SD

A. afarensis — — —0.471 0.189
A. africanus — — —0.018 0.092
Homo sapiens —0.501 0.092 —0.501 0.103
Gorilla gorilla 0.055 0.074 0.055 0.159
Pan troglodytes 0.106 0.068 0.107 0.090
Pongo pygmaeus 0.206 0.065 0.205 0.141

Higher values of RLSI are associated with higher levels of arboreality in extant
hominoids. Note the similarity in means between resampled and individual
ratios for extant species despite the differences in the two methods.
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Fig. 2. Bivariate plot of logged forelimb and hindlimb size for extant species.
Symbols: [, Pongo pygmaeus; 4, Pan troglodytes; A, Gorilla gorilla; x,
Homo sapiens. Note that P. pygmaeus individuals tend to have larger forelimbs
relative to their hindlimbs, while the reverse is true for Homo; Pan and Gorilla
are intermediate.

dimorphism, the difference in size between the largest and
smallest individuals will be greater than that in less dimorphic
taxa. In this manner, the resampled mean RLSI distributions
for more dimorphic taxa will have wider tails and higher stan-
dard deviations than distributions for less dimorphic taxa
(Fig. 3). For example, the resampled distributions are relatively
wide for the more dimorphic species in this study, G. gorilla and
P. pygmaeus, but relatively narrow for the less dimorphic
species, H. sapiens and P. troglodytes (Fig. 3). Consequently,
one is less likely to find significant differences in mean
RLSI between highly dimorphic taxa than between less dimor-
phic taxa.

Pairwise taxon comparisons

The results in Table 3 and Fig. 4 show that mean RLSI is
greater in A. africanus than in A. afarensis, indicating rela-
tively larger forelimb size for a given hindlimb size in the
former. Mean RLSI for both fossil species is between that ob-
served in modern humans and the great apes (Table 3; Fig. 4).

A resampling analysis of pairwise species mean differences
shows that mean RLSI is significantly greater in A. africanus
than in both A. afarensis and H. sapiens, while A. africanus
does not differ significantly from any of the great apes
(Table 4). Mean RLSI for A. afarensis does not differ signifi-
cantly from H. sapiens, but values are significantly lower in A.
afarensis than in G. gorilla, P. pygmaeus, and P. troglodytes.
Mean RLSI is significantly lower in H. sapiens than in all of
the great ape species, while none of the resampled mean
values differs significantly among the great apes (Table 4).
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on the X-axes differ for each species. Solid lines represent mean values for mean RLSI from the resampling procedure; dashed lines are RLSI means for the

individual data—refer to Table 3.

Sampling bias

Six reduced data sets were generated by removing one of
the six variables from the primary data set before calculating
geometric means of forelimb and hindlimb variables and their
logged ratio. Resampled pairwise comparisons were calcu-
lated for each reduced data set. The p-values for the pairwise
comparisons between the three hominin species are presented
in Table 5. In all six reduced data sets, mean logged ratios
were higher in A. africanus than in A. afarensis and H. sapiens,

as observed in the primary data set. Even with the removal of
data from an already small data set, differences in mean
logged ratios between A. africanus and the other two hominins
are either significant or approach significance ( p-values range
from less than 0.001 to 0.110), differences between A. afaren-
sis and H. sapiens are not significant in any of the cases
(p-values range from 0.487 to 0.998), and logged ratios are
always significantly greater in A. africanus than in H. sapiens
(p-values range from less than 0.001 to 0.050; Table 5). The
two cases in which the comparisons between H. sapiens, A.
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Fig. 4. Histograms of resampled mean RLSI values for extant and fossil species. Upper histograms are extant species; inverted histograms are fossil species. Extant
species patterns: white area, H. sapiens; left to right downward diagonal, G. gorilla; left to right upward diagonal, P. pygmaeus; gray area, P. troglodytes. Fossil
species: solid line, lightly shaded, A. afarensis; dotted line, unshaded, A. africanus. Homo sapiens and A. afarensis share similar relative limb-size relationships,
while A. africanus resembles the great apes (i.e., larger forelimbs relative to the size of the hindlimbs).

afarensis, and A. africanus were not significant can also be all three great ape samples, but none of these distributions
attributed to the loss of statistical power by having forelimb overlaps that of modern humans (Fig. 5). The value for A.L.
represented by only one element, either HUMHEAD? or  288-1 falls well within one standard deviation of the upper
RADTV?. In addition, when FEMSHAFT is removed (and  part of the human distribution and not within any of the distri-
thus only articular dimensions are included in the analysis), butions of the three great ape species (Table 6; Fig. 5).

the results do not differ from the first analysis: A. africanus

and H. sapiens differ significantly in relative joint size Discussion

(p <0.001), A. afarensis and H. sapiens do not differ signifi-

cantly (p =0.487), and the two fossil taxa differ significantly The results of this study strongly support the hypothesis
from each other (p =0.038). that A. africanus had greater upper:lower limb-size (joint

and shaft) proportions than A. afarensis (McHenry and Berger,
A.L. 288-1 1998a). Furthermore, the present study’s sampling approach,

based on direct measurements, allowed us to assess the statis-

As was observed with RLSI, RLSI’ (Equation 5) values dif- tical significance of this pattern. The analysis of sampling bias
fered significantly among the four extant species, with no shows that no single upper- or lower-limb measure had an
overlap in 95% confidence intervals for species means overwhelming influence on our measures of the relative size
(F = 898.68; d.f. = 3, 200; p < 0.001). Higher values of RLST' of the respective limb as a whole (Table 5). The difference
are also associated with a higher degree of arboreality in ex- in relative limb size between these Australopithecus species
tant hominoids (Table 6). Distributions of RLSI' overlap for was statistically significant, and whereas the upper:lower

Table 4
Pairwise comparisons of mean RLSI values by species
A. afarensis A. africanus H. sapiens G. gorilla P. troglodytes P. pygmaeus
A. afarensis — 0.453 —0.031 0.525 0.578 0.676
A. africanus 0.031 — —0.484 0.072 0.125 0.223
H. sapiens 0.878 <0.001 — 0.556 0.609 0.707
G. gorilla 0.034 0.694 0.002 — 0.053 0.151
P. troglodytes 0.004 0.329 <0.001 0.782 — 0.098
P. pygmaeus 0.003 0.180 <0.001 0.480 0.562 —

Values above the diagonal are differences in mean RLSI (top species minus side species); values below the diagonal are the p-values for those differences. Dif-
ferences significant at o = 0.05 are indicated in bold. Among the hominins, A. afarensis and H. sapiens both differ significantly from A. africanus in relative limb-
size dimensions, but do not differ significantly from each other. Additionally, mean RLSI for A. africanus is not significantly different from any of the great apes.
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Table 5

P-values for hominin pairwise comparisons of mean logged ratios of forelimb
and hindlimb geometric means in the reduced data sets to test the possibility of
sampling bias

Removed A. afarensis vs. A. afarensis vs. A. africanus Vvs.
variable A. africanus H. sapiens H. sapiens
HUMHEAD? 0.110 0.657 <0.001
RADTV? 0.086 0.767 0.050
FEMHEAD? 0.026 0.998 0.001
FEMSHAFT 0.038 0.487 <0.001
DISTFEM 0.045 0.925 <0.001
DISTTIB 0.049 0.826 0.010

Each row represents an analysis in which the specified variable was removed
from the data set. In all cases, mean logged ratios for A. africanus are greater
than those of A. afarensis and H. sapiens. Differences significant at o = 0.05
are indicated in bold.

limb-size proportions in A. afarensis resemble those seen in
modern humans, the proportions in A. africanus resemble
those of the great apes. These results have implications for
our understanding of the evolution of limb proportions, loco-
motor behavior, and the phylogenetic history of these species.
Previous work by Dobson (2005) found that the upper:
lower limb-size differences between A.L. 288-1 and Stw 431
were significant when first sacral centrum size represented
the lower limb, but not when acetabular diameter was used
as a proxy. These mixed results led Dobson (2005) to conclude
that the sacral body is relatively small in Stw 431, and he sug-
gested that the analysis of these two partial skeletons alone did
not provide strong support for McHenry and Berger’s
(1998a,b) conclusion that A. africanus had greater upper:lower
limb-joint proportions than A. afarensis. Since Dobson’s
(2005) study compared only one well-preserved skeleton for
each species (Stw 431 and A.L. 288-1), it was a very conser-
vative test of interspecific differences. Given that there are
many more specimens known for both of these species, we
built on the questions posed by Dobson (2005) and McHenry
and Berger (1998a,b) and used the maximum number of avail-
able fossil specimens preserving the limb elements of interest
(including elements from A.L. 288-1 and Stw 431; Table 2) to
increase the statistical robusticity of our results. Our analysis
shows that the upper:lower limb-size proportions are signifi-
cantly different between these two Australopithecus species.

Table 6
Individual RLSY’ values for extant species and A.L. 288-1

Mean SD
A.L. 288-1 —0.470* —
H. sapiens —0.525 0.090
G. gorilla 0.003 0.066
P. troglodytes 0.045 0.061
P. pygmaeus 0.185 0.058

As seen in the analysis of RLSI, higher values of RLSI' are associated with
higher levels of arboreality in extant hominoids. The value of RLSI' for
A.L. 288-1 is slightly greater than the mean value for H. sapiens and much
lower than that of the great apes.

*This value is the actual RSLI’ for A.L. 288-1; all other values in this column
display mean RSLI’ for the extant individuals in each taxon.
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Fig. 5. Histograms of individual RLSI’ values for extant species and A.L. 288-
1 (see text for calculation of RLSI’). Extant species patterns: white area, H.
sapiens; left to right downward diagonal, G. gorilla; left to right upward diag-
onal, P. pygmaeus; gray area, P. troglodytes. Arrow indicates the location of
the RLST' value for A.L. 288-1. Note the absence of overlap in the ape and
human distributions and the position of A.L. 288-1 within the upper end of
the human distribution.

In addition to the differences in mean value, A. africanus
and A. afarensis also have noticeably different RLSI distribu-
tions (Fig. 4). The A. afarensis distribution is wider and shorter
than that of A. africanus, resembling the distributions for the
more sexually dimorphic ape species G. gorilla and P. pyg-
maeus. This is consistent with other evidence that A. afarensis
displayed a relatively high level of sexual dimorphism (Johan-
son et al., 1982; McHenry, 1986a; Cole and Smith, 1987,
McHenry, 1991a; Richmond and Jungers, 1995; Lockwood
et al., 1996; Plavcan et al., 2005, but see Reno et al., 2003,
2005b). The differences in RLSI distributions (Fig. 4) also
suggest that sexual dimorphism in A. afarensis was greater
than that in A. africanus, a result that deserves further study
(see also Lockwood, 1999; Gordon et al., 2006).

Primitive or secondarily derived?

As pointed out by McHenry and Berger (1998a), the ape-
like limb-size proportions of A. africanus appear to contrast
with the evidence that its craniodental characteristics are
more derived. All published phylogenetic analyses (largely
based on craniodental data) suggest that A. africanus is more
closely related to Paranthropus and Homo than it is to A. afar-
ensis (White et al., 1981; Skelton and McHenry, 1992; Strait
et al.,, 1997; Wood and Collard, 1999; Strait and Grine,
2004). Given the evidence that the craniodentally primitive
A. afarensis possessed limb-size proportions similar to later
representatives of Homo, while A. africanus exhibited apelike
proportions, what then were the primitive and derived condi-
tions for limb-size proportions in these taxa? Two possibilities
are apparent and are illustrated in Fig. 6. First, humanlike
upper:lower limb-size proportions evolved early in human
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Fig. 6. Two scenarios concerning the evolution of upper:lower limb-size pro-
portions, given this consensus cladogram and the likelihood that apelike, high
upper:lower limb-size proportions are the primitive condition for the Pan/
Homo clade. Either (A) humanlike upper:lower limb-size (joint and shaft) pro-
portions were present in the common ancestor of A. afarensis and later hom-
inins, and more apelike, high upper:lower limb-size proportions evolved
secondarily in A. africanus, or (B) humanlike, low upper:lower limb-size pro-
portions evolved independently in A. afarensis and Homo. Either possibility
requires homoplasy in the evolution of limb size proportions.

evolution (by the time of the common ancestor of A. afarensis
and later hominins), and more apelike, high upper:lower limb-
size proportions evolved secondarily in A. africanus. The sec-
ond possibility is that humanlike, low limb-size proportions
evolved independently in A. afarensis and in Homo. Either in-
terpretation indicates that homoplasy must have occurred in
the evolution of hominin limb-size proportions (Fig. 6).

Locomotor implications

Studies of limb proportions have traditionally focused on rel-
ative limb lengths because of their well-documented and rela-
tively well-understood links to posture and locomotion (e.g.,
Schultz, 1937; Jungers, 1985), but relative limb sizes also relate
to function. Godfrey et al. (1995: 32) argued that ‘““bone shaft ri-
gidity or joint size”” may be a better correlate of the ““actual force
transmission’’ through a given limb than bone length, and there-
fore a better measure of the different mechanical demands asso-
ciated with various types of locomotion and posture (see also
McHenry, 2005; Pearson and Peterson, 2005). The degree of
limb-joint mobility also influences joint size (Rafferty and
Ruff, 1994; Godfrey et al., 1995; Hamrick, 1996). Godfrey
et al. (1995) noted that P. pygmaeus had the relatively largest
humeral heads of the extant taxa they sampled, and that this

corresponded to the mobility and transarticular force transmis-
sion associated with orangutan locomotion.

Our measures of relative limb sizes also correspond to dif-
ferences in locomotor and postural modes. Modern humans
are committed bipeds and do not habitually use their upper
limbs for locomotion. In this analysis, the H. sapiens mean
RLSI was the lowest, reflecting their relatively large and bi-
pedally adapted hindlimbs (Jungers, 1988; Ruff, 1988). Orang-
utans, the most arboreal of the four extant hominoids included
in this study, had the highest mean RLSI, indicating the largest
forelimb relative to overall hindlimb size. Among the African
apes, the less arboreal gorillas had a slightly lower mean RLSI
than chimpanzees (Tables 2, 5).

The limb-size proportions of A. afarensis and A. africanus
have implications for the long-standing debate over whether
or not arboreality was an important component of locomotor
behavior in Australopithecus (McHenry, 1991b; Duncan
et al., 1994; Stern, 2000; Ward, 2002). Both taxa display prim-
itive anatomical features associated with arboreality, including
curved manual proximal phalanges with well-developed flexor
ridges (Stern and Susman, 1983; Susman et al., 1984; Ricklan,
1987; Susman, 1988), robust upper-limb bones (Robinson,
1972; Lovejoy et al., 1982; White et al., 1993; Drapeau
et al., 2005), many features of the shoulder (Ciochon and
Corruccini, 1976; Vrba, 1979; Stern and Susman, 1983;
McHenry, 1986b), as well as other features related to posture
(McHenry, 1991b; Spoor et al., 1994). The debate centers on
how to interpret symplesiomorphic features, with some au-
thors (Lovejoy, 1988; Latimer and Lovejoy, 1990; Latimer,
1991; Ward, 2002) basing locomotor reconstructions primarily
on derived (i.e., bipedal) features, and others (Stern and
Susman, 1983; Susman et al., 1984; Susman and Stern,
1991; Duncan et al., 1994; Sanders, 1998; Stern, 2000) inter-
preting both primitive and derived morphology as functionally
significant. From either perspective, if the more apelike
upper:lower limb-size proportions were secondarily derived
in A. africanus, this suggests a morphological response to
greater arboreality in this species relative to A. afarensis.
Moreover, if A. afarensis and Homo evolved more humanlike
limb-size proportions independently while A. africanus
retained more apelike proportions, then it suggests that these
australopith species were under different selection pressures
regarding their postural and locomotor repertoire.

Among modern primates, there are many examples of
closely related species that share a similar overall body design
but differ in their emphasis on locomotor behaviors within
their repertoire. For example, Presbytis melalophos has
a greater leaping component in its locomotor repertoire com-
pared to P. obscura, and these species differ significantly in
muscular and osteological morphology related to leaping
(Fleagle, 1977a,b). The differences in upper- and lower-limb
sizes suggest that, in addition to bipedalism, A. africanus
used postural and/or locomotor behaviors that involved rela-
tively greater loading of the upper limb as part of its locomotor
repertoire (Rose, 1991). This hypothesis predicts that other
anatomical features should appear more adapted to arboreal
behaviors in A. africanus than in A. afarensis.
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Conclusion

In this study, differences in the relative size of the upper
and lower limbs—as measured by the RLSI—correspond
with the observed levels of arboreality in the extant taxa. Ad-
ditionally, our resampling analysis shows that A. afarensis was
more similar to modern humans and A. africanus was more
similar to the great apes. Australopithecus afarensis was sig-
nificantly different from chimpanzees, gorillas, and orangu-
tans, while A. africanus was significantly different from
modern humans and A. afarensis (Table 3). This study corrob-
orates McHenry and Berger’s (1998a,b) conclusions that A.
africanus possessed more apelike limb-size proportions that
were distinct from those of A. afarensis, which more closely
resembled the limb-size proportions of modern humans. In ad-
dition, this study used direct measurements of limb size and
a new Monte Carlo method that allowed us to evaluate the sta-
tistical significance of species differences in body proportions.

The statistically significant differences in relative limb-size
proportions between the eastern and southern African Austral-
opithecus species suggests that they may have differed in their
positional repertoires. A great deal of research has been de-
voted to the task of interpreting the locomotor anatomy of
A. afarensis. Nonetheless, there is still disagreement over
whether or not this group retained biologically meaningful ar-
boreal retentions. The relatively forelimb-dominated limb-size
proportions of A. africanus, if they were indeed derived with
respect to A. afarensis, suggest that the former was under
more intense selection for arboreal behaviors than A.
afarensis.

The current consensus among published phylogenetic anal-
yses consider A. afarensis to be a sister taxon of the clade con-
taining A. africanus and early Homo. This would indicate that
A. africanus either (1) secondarily derived apelike upper:lower
limb proportions or that (2) A. africanus retained primitive
limb-size proportions from a common ancestor shared with
A. afarensis, and that A. afarensis and later Homo indepen-
dently evolved their more humanlike upper:lower limb-size
proportions (Fig. 6). Regardless of which scenario is supported
by additional evidence, the results of this study strengthen the
idea that hominin evolution progressed in a mosaic fashion
(McHenry, 1975) and that A. africanus had significantly
more apelike upper:lower limb-size proportions than did A.
afarensis, possibly as a result of a greater emphasis on arbo-
real positional behaviors.
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Appendix

Proof: Arithmetic mean of RLSI values for each individual
skeleton is equal to RLSI calculated using geometric means of
each variable across all individuals (Equation 4 in text).

For n individuals, mean RLSI can be expressed as

RLSI = ZERLSL (A1)
el

RLSI = len[FLGMi /HLGM;] (A2)
i=1 n

RLSI = len[GM(F,-) JGM(H,)] (A3)
- n

i=1

where GM(F;) is the geometric mean of all forelimb measure-
ments for the ith individual in the data set and GM(H,) is the
geometric mean of all hindlimb measurements for the ith indi-
vidual. For p forelimb variables and m hindlimb variables,
Equation A.3 can be restated as:

-2 (117) / ()

This equation can be further reworked as follows:

(A4)
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n 4 P m m

RLSI=) %m(HF_,.,-) —%m(HHk,-) 1 (A.5)
i=1 [ j=1 k=1
n [ p m ]

RLSI=Y %Zln(Fﬁ)ﬁ—%Zln(Hki)% (A.6)
=1 " =1 k=1 ]

—_— n [ & 1 1 “ 1 1-

RLSI = > In(Fj)'=> " ~In(Hy)" (A7)
= | =" =" |
n p n m

RLSI = %m (E) =303 () (A.8)
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REST= 31 tn(y) = Y1 lnirn (A1)
=1 =1 k=1""i=1
) ' '
mzzlln HF_,, —len HHM (A.12)
j=1 p i=1 k=1 m i=1

The logged quantities are the logged geometric means of
each variable, as calculated for all individuals in the data set
(e.g., geometric mean of all HUMHEAD? values, geometric
mean of all RADTV? values, etc.), and can be restated as

RLST= Y in(GM[F]) -3

1
“In(GM[H,])
=P ="

(A.13)

where GM[F] is the geometric mean of the jth forelimb vari-
able and GM[H,] is the geometric mean of the kth hindlimb
variable. Equation A.13 can be further reworked as follows:

V4 | m .
RLSI =) " In(GM[F}])’= > " In(GM[H,])" (A.14)
j=1 k=1
; 5
RLSI=In( J[JGM[F] | —In( ] GM[H,] (A.15)
j=1 k=1
P P m m
RLSI=In|( [[GMIF)] GMIH,] (A.16)
j=1 k=1

Equation A.16 states that the arithmetic mean of RLSI is
equal to the logged ratio of the geometric mean of geometric
means of all forelimb variables divided by the geometric mean
of geometric means of all hindlimb variables. In other words,
arithmetic mean RLSI can be calculated by replacing individual
measurements with geometric means for each variable in Equa-
tions 1 and 2 in the text, as shown by Equation 4 in the text.
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