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ABSTRACT Primate fossil assemblages often have
metacarpals and phalanges from which functional/behav-
ioral interpretations may be inferred. For example, intrin-
sic hand proportions can indicate hand function and
substrate use. But, estimates of intrinsic hand proportions
from unassociated hand elements can be imperfect due to
digit misattribution. Although isolated metacarpals can be
identified to a specific digit, phalanges are difficult to
assign to a specific ray. We used a resampling approach to
evaluate how estimates of intrinsic hand proportions are
affected by such uncertainty. First, the phalangeal
index—intermediate phalanx length plus proximal pha-
lanx length divided by metacarpal length—for the third
digit was calculated for associated specimens of terrestrial,
semiterrestrial, and arboreal taxa. We then used resam-
pling procedures to generate distributions of “composite
digits” based on resampled ratios in which phalanges from

the second, fourth, and fifth rays, and from different indi-
viduals, were chosen randomly. Results confirm that the
phalangeal index for associated third digits significantly
discriminates groups. We also found that resampled ratios
had significantly lower means, indicating that using
composite digits is prone to systematic underestimation.
Resampled ratios also generated distributions with greater
variance around the means that obscured distinctions
between groups, although significant differences between
the most arboreal and terrestrial taxa are maintained. We
conclude that using unassociated phalanges to calculate a
phalangeal index is prone to sampling bias. Nevertheless,
a resampling approach has the potential to inform esti-
mates of hand proportions for fossil taxa, provided that the
comparative sample is constrained to mimic the fossil com-
position. Am J Phys Anthropol 151:280–289, 2013. VC 2013
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The skeletal intrinsic hand proportions of mammals,
including primates, have close functional associations
with locomotor behaviors and substrate preferences. For
example, arboreal primates have long intermediate and
proximal phalanges relative to metacarpal length, which
facilitates grasping around circular substrates during
above-branch quadrupedal or below-branch suspensory
locomotion (Washburn, 1951; Napier, 1993; Lemelin,
1999; Hamrick, 2001; Kirk et al., 2008). In contrast, ter-
restrial primates have short digits relative to palm length
to help reduce costly bending moments acting on fragile
hand bones and joints while traveling on flatter, less com-
pliant surfaces that result in high substrate reaction
forces (Midlo, 1934; Etter, 1973; Susman, 1979; Nieschalk
and Demes, 1993; Richmond, 1998; Patel et al., 2009;
Patel and Wunderlich, 2010; Patel et al., 2012).

Associations between hand morphology and naturalistic
hand function among extant primates have the potential
to inform functional interpretations of fossil primates and
to aid in the reconstruction of their substrate preferences.
Indeed, manual phalanges are among the most commonly
recovered postcranial elements in primate fossil assemb-
lages, and on rare occasions, they can be found as part of
an articulated skeleton. Such examples include articu-
lated partial hands of Darwinius (Franzen et al., 2009),
Epipliopithecus (Zapfe, 1960), Proconsul (Napier and

Davis, 1959); Pierolapithecus (Alm�ecija et al., 2009),
Hispanopithecus (Alm�ecija et al., 2007), Equatorius (Sher-
wood et al., 2002), Simiolus (Rossie et al., 2012), Theropi-
thecus (Jablonski, 2002), Ardipithecus ramidus (Lovejoy
et al., 2009a), Australopithecus afarensis (Alemseged
et al., 2006), Australopithecus cf. africanus (Clarke 1999,
2008), and Australopithecus sediba (Kivell et al., 2011).
But, in most cases, the majority of fossil hand bones are
unassociated and fragmentary (e.g., Godinot and Beard,
1991), and in some cases, abundant unassociated
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elements are available (e.g., Bush et al., 1982, for Aus-
tralopithecus afarensis; Begun et al., 1994, for Proconsul;
Nakatsukasa et al., 2003, for Nacholapithecus; Ersoy
et al., 2008, for Griphopithecus; Jungers et al., 2005, for
Archaeolemur). Although some morphological features
can be reconstructed based on fragmentary and damaged
elements (e.g., phalangeal curvature; Deane and Begun,
2008), measures of intrinsic hand proportions are more
problematic because they are typically based on two or
more elements from a single individual. For example, the
phalangeal index (PI) as defined by Napier and Napier
(1967) requires one metacarpal and a proximal and inter-
mediate phalanx from the same digit, typically Digit 3
(e.g., Kirk et al., 2008). Further, given the general simi-
larities in shape and size among the respective proximal
and intermediate phalanges of Digits 2 through 5 in some
anthropoids (e.g., Susman, 1979), attribution of phalanges
to a specific digit can be problematic to nonspecialists,
particularly when informative features are not preserved.
In addition, when several individuals are present in a fos-
sil assemblage, it is virtually impossible to assign ele-
ments to specific digits or individuals. The risk of
attributing a phalangeal element to the incorrect individ-
ual or digit thus poses severe methodological problems for
estimating measures of intrinsic hand proportions, such
as the PI, for fossil primates. Accordingly, the lack of
such estimates for fossil taxa has limited our understand-
ing of substrate and locomotor preferences and their evo-
lution in key taxa that preserve unassociated phalanges
and metacarpals.

The primary aim of this article is to determine whether
locomotor groups and substrate preferences can be reli-
ably inferred based on intrinsic hand proportions esti-
mated using unassociated phalangeal and metacarpal
elements. Previous studies have used ad hoc justifica-
tions to argue that intrinsic hand proportions computed
from “composite” hands (a reconstruction based on ele-
ments from more than one individual) are accurate de-
spite the possibility of misattribution to digit or
individual (Jungers et al., 2005; Kirk et al., 2008; but see
Patel et al., 2009, and Rolian et al., 2011). While esti-
mates of intrinsic hand proportions are subject to bias
when particular unassociated elements are combined (for
example, elements from small and large individuals or
males and females), it is unclear the extent to which
such bias obscures more general signals of substrate pref-
erence and locomotion. In this study, we used a resam-
pling approach to test the hypothesis that calculations of
intrinsic hand proportions from unassociated digits are
robust to varying degrees of uncertainty regarding pha-
langeal misattribution. Resampling approaches, which
are useful for coping with small sample size and the
taphonomic uncertainty surrounding unassociated fossil
elements, have been widely used in paleoanthropology to
compare ratio-based metrics among taxa, including sex-
ual dimorphism (Lockwood et al., 1996; Gordon et al.,
2008), limb proportions (Green et al., 2007), metacarpal
proportions (Green and Gordon, 2008), and overall hand
proportions (Alba et al., 2003).

MATERIALS AND METHODS

Sample

Individuals (n 5 460) from extant catarrhine taxa rep-
resenting a wide range of locomotor categories were
included in the study. Samples are adults (mostly wild-

shot) of known sex with no pathology in the appendicu-
lar skeleton. Specimens were considered adult when
their long bone epiphyses were fused or in the process of
fusing (Rolian, 2009). Following Patel et al. (2009), taxa
were grouped into one of five categories: (1) AQC: arbo-
real quadrupedal cercopithecoids-Trachypithecus cristatus
and Cercopithecus spp.; (2) SQC: semiterrestrial quadru-
pedal cercopithecoids-Macaca mulatta; (3) TQC: terres-
trial quadrupedal cercopithecoids-Papio hamadryas and
Erythrocebus patas; (4) STQAH: suspensory/terrestrial
quadrupedal African hominoids-Pan troglodytes and Go-
rilla gorilla; or (5) SAH: suspensory Asian hominoids-
Hylobates lar and Pongo pygmaeus. Details of the com-
parative sample are provided in Table 1.

Data

Skeletal element lengths were derived from a single
hand in each individual. Individuals were included only
when the bones of all five digits were present in the
skeletal preparation. Distal phalanges were not included
as they are rarely preserved in skeletal preparations. In
most cases, at least one side was available in disarticu-
lated form. In some individuals where a phalanx was
missing or damaged, the element was replaced with its
antimere from the other hand. The identity of the pha-
langes to specific ray can be easily determined by their
size and morphological differences when all bones are
present (Susman, 1979; Christensen, 2009) or when
available by comparison with the articulated side of the
same skeleton. Measurements were obtained for each
hand bone from digital images of specimens placed ven-
trally in anatomical position on a flatbed scanner (Micro-
tek i320 ScanMaker, Carson, CA) and scanned in TIFF
format at 300 pixels per inch (ppi). The scanner method
has been validated elsewhere (Hallgr�ımsson et al.,
2002). ImageJ (Rasband, 2010) and TPSDig2 (Rohlf,
2005) software packages were used to measure element
length to the nearest 0.1 mm. Length measurements
were collected from the third metacarpal, and the proxi-
mal and intermediate phalanges of Digits 2 through 5.
Metacarpal length was defined as the length between
the dorsal-most aspect of the proximal articular surface
and the distal-most aspect of the metacarpal head (i.e.,
the distal articular surface). For the proximal and inter-
mediate phalanges, length was defined as the distance
between the center of the proximal articular surface and
the center of the distal articular surface.

Analyses

Recent studies have used resampling procedures
involving logarithms to describe and compare relative
measures of size between taxa from ratios (e.g., Green
et al., 2007; Green and Gordon, 2008). Following previ-
ous studies of intrinsic hand proportions (Napier and
Napier, 1967; Etter, 1973; Lemelin, 1999; Jungers et al.,
2005; Kirk et al., 2008; Patel and Wunderlich, 2010), we
used the PI as a measure of digital proportions and rela-
tive finger length (Fig. 1). This index has been shown to
reliably discriminate between grades of arboreality and
terrestriality in primates and other mammals (Kirk
et al., 2008; Patel and Wunderlich, 2010). Whether this
index is influenced by size remains unclear, but the dis-
crimination between functional groups appears robust.
For example, although terrestrial primates tend to be
larger than arboreal species, there are still many large-
bodied arboreal primates with long fingers (e.g., Nasalis,
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Pongo). The PI is calculated as the sum of the lengths of
intermediate phalanx and proximal phalanx of the third
digit (IP3 and PP3, respectively), divided by the length
of the third metacarpal (MC3). We first calculated the PI
for third digits from associated museum specimens (Fig.
1A). This provides the baseline against which other
resampled distributions are compared.1 Next, we simu-
lated two additional scenarios reflecting different states of
knowledge about the allocation of digital elements to both
ray and individual. The three scenarios progressively
increase uncertainty with respect to digit allocation.

All resampling procedures were performed using cus-
tom routines in Matlab R2009b (Natick, MA). For Sce-
nario 1 (S1), an exact resampling approach was used in
which an individual was selected once from each taxon,
and the PI for this individual was computed as the ratio
of the summed IP3 and PP3 lengths to the MC3 length
(Fig. 1A,B). The natural logarithm (ln) of PI was then
calculated (hereafter, “log” refers to the natural loga-
rithm unless otherwise noted). The procedure was
repeated for each individual to generate a distribution
and mean of log PI values for each taxon. For Scenario 2
(S2), a Monte Carlo resampling approach was used. At
each iteration, three individuals were selected at ran-
dom, and the log PI was obtained by randomly selecting
the MC3 from one individual, the PP3 from another
individual, and the IP3 from the last individual (Fig.
1C). The procedure was repeated 10,000 times with
replacement to generate a resampled distribution and
mean of log PI values for each taxon. The resampling

procedure for Scenario 3 (S3) was similar to S2, except
that the proximal and intermediate phalanges were
selected at random from Digits 2, 3, 4, or 5, as opposed
to only from Digit 3 (Fig. 1D). This procedure was also
repeated 10,000 times with replacement to generate a
resampled distribution and mean of log PI values for
each taxon.

Identifying the effect of multiple individuals
and phalangeal uncertainty

This study investigates three distinct questions, each
of which is based on the same set of resampled log ratios
generated using the procedure described above. The first
question is whether generating ratios from multiple indi-
viduals (S2) or with multiple individuals and phalanges
of uncertain attribution to ray (S3) affects the mean
and/or variance of resampled distributions within a
taxon. The second question is whether these scenarios
affect the ability of analyses to find significant difference
in sample means between taxa. Finally, because fossil
samples are often limited in size, the third question is
whether these scenarios affect the probability that a sin-
gle resampled ratio from one sample (e.g., a fossil sam-
ple) will fall within the range of resampled ratios from
another sample (e.g., a comparative taxon). We describe
the analyses used to address each of these questions
below.

Comparing means and variability between scenar-
ios. Within each taxon, means were compared between
S1 and S2, S1 and S3, and S2 and S3. For comparisons
involving S1 (in which the log PI is calculated exactly
once for each individual in the sample), an iterative
resampling procedure is used in which each iteration
samples with replacement a number of log ratios equal
to the sample size for that taxon (nTAXON) from the pop-
ulation of 10,000 resampled values for the other scenario
(either S2 or S3). For example, in comparing the S1 and
S2 means for P. troglodytes, in each iteration a sample of
88 log ratios is drawn from the set of 10,000 resampled
ratios for S2. The mean of those log ratios is then calcu-
lated and subtracted from the mean of log ratios in S1.

TABLE 1. Sample composition.

Taxon
n (Female, Male,

Unknown)
Substrate/

Locomotor Group Provenance

Hylobates lar (Hyl) 21 (9, 9, 3) SAH MCZ
Pongo pygmaeus (Pon) 43 (29, 14, 0) SAH NMNH, BSM, MCZ
Trachypithecus cristatus (Tra) 20 (14, 6, 0) AQC BSM, MCZ
Cercopithecus spp. (Cer) 52 (24, 26, 2) AQC MCZ
Pan troglodytes (Pan) 88 (56, 32, 0) STQAH PCM, AMNH, NMNH, MCZ
Gorilla gorilla (Gor) 92 (53, 39, 0) STQAH PCM, AMNH, NMNH, MCZ
Macaca mulatta (Mac) 45 (20, 25, 0) SQC CPRC
Erythrocebus patas (Ery) 54 (32, 21, 1) TQC CPRC
Papio hamadryas (Pap) 45 (19, 22, 4) TQC UT
TOTAL 460

The Cercopithecus sample comprised C. mitis and C. ascanius.
AQC, arboreal quadrupedal cercopithecoid; SAH, suspensory Asian hominoid; SQC, semi-terrestrial quadrupedal cercopithecoid;
STQAH, suspensory/terrestrial quadrupedal African hominoid; TQC, terrestrial quadrupedal cercopithecoid; AMNH, American Mu-
seum of Natural History, New York; BSM, Bayerische Staatssammlung, Munich; CMNH, Cleveland Museum of Natural History,
Cleveland; MCZ, Harvard Museum of Comparative Zoology, Cambridge; NMNH, National Museum of Natural History, Washington;
PCM, Powell-Cotton Museum, Birchington, UK; CPRC, Laboratory for Primate Morphology and Genetics, Caribbean Primate
Research Center, San Juan; UT, Department of Anthropology, University of Texas-Austin.

1We chose not calculate baseline PI values for the other digits (i.e.,
MC3 with PP2 and IP2; MC3 with PP4 and IP4: and MC3 with PP5
and IP5) because this should produce the same discrimination
patterns as PIs with digit 3 elements only, but with absolutely lower
index values since the phalanges of the other digits are shorter than
those in digit 3. A possible exception to this would be for Pongo which
can have longer ray 4 hand bones (Susman, 1979). Also, our approach
represents the ideal situation (because elements from the third digit
are the easiest to identify in museum collections, even by non-
specialists) to the actual situation paleontologists find with unasso-
ciated fossils (i.e., most researchers cannot be absolutely certain
which rays (2–5) are in their fossil sample if they do not have them
all).

282 V.V. VENKATARAMAN ET AL.

American Journal of Physical Anthropology



A positive difference indicates that the scenario which is
subtracted from S1 has lower ratios, indicating shorter
fingers relative to palms. A negative difference indicates
the opposite. This procedure is repeated 10,000 times,
and two-tailed P values are calculated from the resulting
distribution of differences using established methods
based on the proportions of negative and positive differ-
ences thus generated (Manly, 1997; Gordon et al., 2008;

Green and Gordon, 2008). In the case of comparing
means between S2 and S3, the procedure is identical
except that samples equal in size to nTAXON are drawn
from both S2 and S3 in each iteration.

To test for differences in variability of distributions
between scenarios, a resampled Levene test is used. In a
Levene test, variation in a distribution is measured as
the mean of the absolute value of deviations or differences

Fig. 1. Three different scenarios for calculating the phalangeal index (PI) used in the resampling protocols. (A) Sample of com-
plete hands for a single taxon. (B) Scenario 1 in which PI is calculated from the bones of the third digit of a single individual. In
this example, PI is calculated from Individual 6. (C) Scenario 2 in which PI is calculated from the bones of the third digit of three
different individuals. In this example, PI is calculated from the MC3 of Individual 1, the PP3 of Individual 6, and the IP3 of Indi-
vidual 4. (D) Scenario 3 in which PI is calculated from the MC3 of one individual and a proximal and intermediate phalanx (ran-
domly chosen from Digits 2–5) from two other individuals. In this example, PI is calculated from the MC3 of Individual 6, the PP5
of Individual 1, and the IP2 of Individual 4.
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of each observation from the median of all observations,
with higher mean deviations indicating more variable
observations (Van Valen, 2005). Here, we use the same
procedure as described above for comparing log ratio
means with the following modification. In each iteration,
the mean of the absolute value of deviations from the me-
dian is calculated for the resampled nTAXON values for
each scenario, and the difference in means is calculated.
For scenario A minus scenario B, a positive difference
indicates that scenario A is more variable than scenario B,
while a negative difference indicates the opposite. P values
are calculated in the same manner as for differences in
means. Significant differences from zero in this case indi-
cate that the distributions generated by the two scenarios
under consideration differ significantly in variability.

Comparing taxon means within scenarios. Within
each scenario, mean log ratios were compared for all
pairs of taxa. For comparisons within S1, comparisons
were calculated using a randomized t test (Manly, 2007).
Comparisons within S2 and S3 followed a procedure sim-
ilar to that outlined above for comparisons of means
between scenarios. An iterative resampling procedure
was used in which each iteration involved sampling with
replacement a number of log ratios from the first taxon
equal to that taxon’s sample size and a number of log
ratios from the second taxon equal to that taxon’s sam-
ple size. For example, in a comparison of taxon means in
S2 between Gorilla and Pan, in each iteration a sample
of 92 values would be drawn with replacement from the
set of 10,000 S2 values for Gorilla, and a sample of 88
values would be drawn with replacement from the set of
10,000 S2 values for Pan. Means were then calculated
for each taxon’s sample, and difference in means was
calculated. This procedure was repeated 10,000 times,
and P-values were calculated based on the resulting dis-
tributions as described above.

Calculating the probability that individual ratios
will fall within the range of each taxon. Within
each scenario, all pairs of taxa A and B were compared
to determine the probability that a single log ratio from
taxon A would fall within the range of log ratios in taxon
B, and the probability that a single log ratio from taxon
B would fall within the range of log ratios in taxon A.
(These two probabilities are not necessarily equal; e.g.,
consider two distributions with the same mean but dif-
ferent variances such that all values of taxon A are con-
tained in taxon B, but the reverse is not true.) Within
S1, an exact resampling approach was used in which
each individual log ratio from taxon A was compared
with the minimum and maximum of log ratios from
taxon B, and the proportion of log ratios from taxon A,
which fell inside that range, was calculated. The proce-
dure was then repeated with A and B swapped. For S2
and S3, a Monte Carlo resampling procedure was used
with 10,000 iterations. In each iteration, one log ratio
was selected at random from the 10,000 resampled val-
ues for taxon A and compared with the minimum and
maximum for a sample of resampled values for taxon B,
where the sample size is equal to the number of individ-
uals in that taxon’s sample. For example, in a compari-
son of Gorilla and Pan for S2, one S2 resampled Gorilla
log ratio would be compared to the maximum and mini-
mum of a sample of 88 Pan log ratios sampled with

replacement from the set of 10,000 Pan values for S2.
After repeating this procedure 10,000 times, the propor-
tion of times in which the single log ratio from taxon A
fell within the range of the sample from taxon B was cal-
culated. A proportion (P value) of less than 0.05 indi-
cates that the log ratio from taxon A is outside the
range of taxon B log ratios more than 95% of the time
and, thus, is not likely to be a value that could plausibly
belong to taxon B. This procedure was then repeated
with A and B swapped.

RESULTS

Distributions were generated of actual log PI values
for articulated third digits (S1) and resampled log PI
values under scenarios of misattribution to incorrect
individual (S2) and incorrect individual and digit (S3)
(Fig. 2). The first column of Table 2 provides mean
logged ratios (MLR) for each taxon under each of the
three scenarios. The results for associated digits (S1)
show the following order for the PI among studied taxa:
Hyl > Tra > Cer > Pon > Pan > Gor > Mac > Ery >
Pap. Thus, suspensory Asian hominoids (Hylobates and
Pongo) generally have the longest digits relative to
metacarpal length, followed by arboreal quadrupedal
cercopithecoids (Trachypithecus and Cercopithecus), Afri-
can great apes (Pan and Gorilla), semiterrestrial
(Macaca) and terrestrial cercopithecoids (Erythrocebus
and Papio). An important deviation from this pattern is
that Cercopithecus and Trachypithecus have higher pha-
langeal indices than Pongo. Only Erythrocebus and
Papio had negative ratio values, indicating that the de-
nominator of the ratio (palm length) is greater than the
numerator (finger length without the distal phalanx).

With regard to the effect of the different sampling sce-
narios on the log ratios produced within a given taxon,
calculating PI based on multiple individuals (S2) as
opposed to a single individual (S1) does not have an
appreciable effect on the mean of the distribution of log
ratios. For all within-taxon comparisons between S1 and
S2, differences in means are not significant, and P val-
ues for those differences are all above 0.8 (Table 3; com-
pare blue to red distributions in Fig. 2). However,
distributions of log ratios using multiple individuals (S2)
have significantly greater variability than distributions
based on articulated digits (S1) in all taxa (Table 4).
When distributions of log PI that are based on pha-
langes of unknown ray from multiple individuals (S3)
are compared to those of known ray from multiple indi-
viduals (S2), variability does not differ significantly
within taxa in most cases (Table 4; compare red to gray
distributions in Fig. 2). The only exception is Pan, with
significantly higher variability for S3. However, means
are significantly lower for S3 than for S2 in all taxa
except Papio, where the difference approaches signifi-
cance (P 5 0.076, Table 3). For all taxa, S3 has a signifi-
cantly lower mean than S1 and is significantly more
variable (Tables 3 and 4; compare blue to gray distribu-
tions in Fig. 2).

The impact of these differences in variability and
mean on the ability to make accurate inferences based
on log PI values can be evaluated by determining how
patterns of log ratio relationships between taxa change
across these three scenarios. For example, as mentioned
above, the order of actual log PI values (S1) among taxa
in this study is as follows: Hyl > Tra > Cer > Pon >
Pan > Gor > Mac > Ery > Pap. This order remains the
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same in S2. However, in S3 the PI order changes to Hyl
> Tra > Pon > Cer > Gor > Pan > Mac > Pap > Ery
(bold face indicates taxa that are in a different position
relative to the order of S1). This result indicates that
phalangeal misattribution can lead to incorrect esti-
mates regarding comparative PI values among taxa.

Distributions of PIs drawn from associated third digits
(S1) generally preserve differences between locomotor
groups, although considerable overlap is apparent
between taxa with similar degrees of arboreality in their
locomotor repertoire (blue distributions in Fig. 2). Despite
this overlap, distributions are relatively narrow and thus
means differ significantly between all taxa except
between Erythrocebus and Papio, and that difference
approaches significance with P 5 0.099 (Table 2, Scenario
1). Increasing uncertainty by incorporating multiple indi-
viduals (S2) slightly decreases the probability of finding a
significant difference in means between taxa, although
means remain significantly different for all pairwise com-
parisons except between pairs that are most similar in
mean values (Table 2, Scenario 2). In some cases, this
results in no significant difference in means between two
taxa belonging to different substrate/locomotor groups;
e.g., Hylobates and Trachypithecus (SAH and AQC,

respectively), Pongo and Cercopithecus (SAH and AQC,
respectively), Pongo and Pan (SAH and STQAH, respec-
tively), and Gorilla and Macaca (STQAH and SQC,
respectively). Increasing uncertainty even more by incor-
porating phalangeal elements from Rays 2 to 5 (S3) fur-
ther decreases the probability of finding a significant
difference in means between taxa and results in nonsigni-
ficant mean differences for more pairs of taxa in different
substrate/locomotor categories (Table 2, Scenario 3).

Also under investigation is the effect of increasing
uncertainty on the ability to make inferences based on a
single log ratio such as one might generate for a fossil
sample. Due to the high overlap of taxon distributions of
log PI even when considering articulated third rays (S1),
there is generally a high probability that any single log
ratio could be drawn from most of the taxa considered
here. Although single log PI values from Erythrocebus
and Papio fall significantly outside the range of all non-
TQC taxa and single log PI values from non-TQC taxa
fall significantly outside the range of Erythrocebus and
Papio, the majority of non-TQC log PI values could be
drawn from any of the non-TQC taxa (Table 5, S1). The
only exceptions to this generalization are Macaca log
ratios, which fall significantly outside the range of

Fig. 2. Histograms for distributions of actual (S1) and resampled (S2 and S3) log PI values for each taxon (substrate/locomotor
group abbreviations in parentheses after taxon name). All histograms are plotted on the same scale. Within each taxon, distribu-
tions based on S1 are plotted in blue, S2 in red, and S3 in gray. Note that, in any given taxon, S1 and S2 distributions tend to
have very similar means but different variances, whereas S2 and S3 distributions tend to have similar variances but different
means. S1 and S3 distributions tend to differ in both mean and variance.

PHALANGEAL INDEX OF COMPOSITE HANDS 285

American Journal of Physical Anthropology



Hylobates values; Hylobates log ratios, which fall signifi-
cantly outside the ranges of Macaca and Gorilla values;
and Trachypithecus log ratios, which fall significantly
outside the range of Macaca values (Table 5, S1). When
uncertainty is increased by calculating log PI values based
on multiple individuals (S2), the increase in variability of
resampled distributions dramatically drives up the proba-
bility of sampling any single log ratio value from any
taxon in this analysis (Table 5, S2). In fact, no taxon has
log ratios that fall significantly outside of the range of any
other taxon under this scenario, although single values
from Erythrocebus and Papio approach significant differ-
ence from distributions for the two taxa with the longest
relative finger length, Hylobates and Trachypithecus

(P values between 0.060 and 0.099, Table 5, S2). Even
this caveat is removed when considering a scenario where
phalangeal ray is uncertain (S3); in that case, the lowest
P value for any comparison is 0.149 (Table 5, S3).

DISCUSSION

Skeletal intrinsic hand proportions are useful indicators
of locomotor preference in mammals, including primates,
and can reliably distinguish between arboreal, semi-arbo-
real, and terrestrial substrate preferences when sample
means are compared. While this is true for extant compar-
ative material, measures of intrinsic hand proportions

TABLE 2. Taxon means (MLR) and P values for pairwise comparisons of difference in means between taxa within each of the three
scenarios.a

Scenario 1 MLR1 Hyl Tra Cer Pon Pan Gor Mac Ery

Hylobates 0.288 –
Trachypithecus 0.246 0.005 –
Cercopithecus 0.221 <0.001 0.010 –

Pongo 0.188 <0.001 <0.001 <0.001 –
Pan 0.167 <0.001 <0.001 <0.001 0.013 –

Gorilla 0.135 <0.001 <0.001 <0.001 <0.001 <0.001 –
Macaca 0.102 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –

Erythrocebus 20.110 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –
Papio 20.125 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.099

Scenario 2 MLR2 Hyl Tra Cer Pon Pan Gor Mac Ery
Hylobates 0.291 –

Trachypithecus 0.244 0.108 –
Cercopithecus 0.222 0.020 0.366 –

Pongo 0.189 <0.001 0.016 0.178 –
Pan 0.169 <0.001 <0.001 0.007 0.293 –

Gorilla 0.137 <0.001 <0.001 <0.001 0.021 0.038 –
Macaca 0.104 <0.001 <0.001 <0.001 <0.001 <0.001 0.093 –

Erythrocebus 20.106 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –
Papio 20.119 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.654

Scenario 3 MLR3 Hyl Tra Cer Pon Pan Gor Mac Ery
Hylobates 0.180 –

Trachypithecus 0.172 0.828 –
Cercopithecus 0.128 0.165 0.165 –

Pongo 0.132 0.188 0.191 0.870 –
Pan 0.052 0.001 <0.001 0.003 <0.001 –

Gorilla 0.057 0.001 <0.001 0.005 0.002 0.807 –
Macaca 0.023 <0.001 <0.001 <0.001 <0.001 0.197 0.146 –

Erythrocebus 20.205 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –
Papio 20.179 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.420

Bold values indicate that means differ significantly between taxa at a 5 0.05 level.
a Scenarios indicated by subscript. Abbreviations as in Table 1.

TABLE 3. Differences in mean logged ratios (DMLR) between scenarios within each taxon.a

Taxon DMLR1–2 P DMLR2–3 P DMLR1–3 P

Hylobates 20.004 0.876 0.111 0.006 0.108 0.001
Trachypithecus 0.001 0.928 0.072 0.009 0.074 0.001
Cercopithecus 20.001 0.938 0.094 0.001 0.093 <0.001

Pongo 20.001 0.976 0.057 0.031 0.055 0.004
Pan 20.001 0.881 0.117 <0.001 0.115 <0.001

Gorilla 20.002 0.867 0.080 <0.001 0.078 <0.001
Macaca 20.002 0.889 0.081 0.001 0.079 <0.001

Erythrocebus 20.004 0.809 0.099 <0.001 0.095 <0.001
Papio 20.006 0.803 0.060 0.076 0.054 0.026

Bold values indicate statistically significant difference in distribution means at a 5 0.05 level.
a Scenarios indicated by subscript.
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such as the PI are rarely estimated for fossil taxa because
most phalangeal elements in the primate fossil record are
unassociated and are thus difficult to reliably attribute to
the correct individual or digit. In this article, we used
resampling methods to determine if estimates of PI
derived from unassociated elements are reliable. Our
results show two important findings. First, we found that,
within a taxon, computing PIs from composite digits can
produce estimates that are significantly lower than those
generated by associated digits. Resampling scenarios are
prone to underestimating MLR and inflating the variance,
when compared to the baseline of the more traditional
method of using only elements of the third digit (e.g.,
Kirk et al., 2008; Patel and Wunderlich, 2010), because at

each iteration, there is a 75% chance of drawing a phalan-
geal element (belonging to Digits 2, 4, or 5), which is
shorter than the corresponding element of Digit 3.2 An
implication of this finding is that two composite samples
drawn from a single population of primates could have
statistically different intrinsic hand proportions depending
on which digital rays were present in each sample. In
terms of the fossil record, this issue, a case of inflated fre-
quency of Type I error (false positive), would be further
compounded by, for example, third digit elements being

TABLE 4. Differences in mean absolute deviations from median (DMADM) between scenarios within each taxon.a

Taxon DMADM1–2 P DMADM2–3 P DMADM1–3 P

Hylobates 20.048 <0.001 20.023 0.329 20.071 <0.001
Trachypithecus 20.032 <0.001 20.025 0.127 20.057 <0.001
Cercopithecus 20.074 <0.001 20.019 0.281 20.093 <0.001
Pongo 20.051 <0.001 20.010 0.545 20.061 <0.001
Pan 20.029 <0.001 20.036 <0.001 20.064 <0.001
Gorilla 20.065 <0.001 20.013 0.270 20.078 <0.001
Macaca 20.057 <0.001 20.017 0.201 20.074 <0.001
Erythrocebus 20.083 <0.001 20.020 0.226 20.102 <0.001
Papio 20.089 <0.001 20.005 0.791 20.093 <0.001

Bold values indicate statistically significant difference in distribution variability at a 5 0.05 level.
a Scenarios indicated by subscript.

TABLE 5. Probability that a randomly sampled log ratio from row taxon will fall within the range of a sample of log ratios from
the column taxon (see text for specifics of analysis).

Hyl Tra Cer Pon Pan Gor Mac Ery Pap

Scenario 1
Hylobates – 0.619 0.619 0.619 0.238 0.048 0.048 <0.001 <0.001
Trachypithecus 0.950 – 1.000 1.000 0.450 0.250 0.050 <0.001 <0.001
Cercopithecus 0.904 0.923 – 0.981 0.769 0.538 0.096 <0.001 <0.001
Pongo 0.605 0.814 0.884 – 0.860 0.767 0.419 <0.001 <0.001
Pan 0.409 0.773 0.784 0.977 – 0.920 0.602 <0.001 <0.001
Gorilla 0.228 0.478 0.533 0.891 0.989 – 0.761 0.011 0.011
Macaca 0.022 0.111 0.133 0.756 0.978 1.000 – <0.001 <0.001
Erythrocebus <0.001 <0.001 <0.001 <0.001 <0.001 0.037 <0.001 – 1.000
Papio <0.001 <0.001 <0.001 <0.001 <0.001 0.044 <0.001 0.889 –

Scenario 2
Hylobates – 0.708 0.965 0.856 0.724 0.863 0.526 0.116 0.254
Trachypithecus 0.965 – 0.999 0.983 0.925 0.988 0.742 0.124 0.333
Cercopithecus 0.811 0.685 – 0.907 0.818 0.925 0.711 0.303 0.461
Pongo 0.789 0.710 0.966 – 0.873 0.978 0.808 0.349 0.541
Pan 0.806 0.754 0.996 0.996 – 0.998 0.938 0.436 0.661
Gorilla 0.631 0.562 0.920 0.925 0.814 – 0.842 0.541 0.682
Macaca 0.546 0.486 0.929 0.949 0.845 0.996 – 0.661 0.795
Erythrocebus 0.086 0.060 0.390 0.441 0.242 0.644 0.490 – 0.986
Papio 0.099 0.083 0.369 0.419 0.248 0.589 0.456 0.914 –

Scenario 3
Hylobates – 0.790 0.965 0.907 0.814 0.910 0.704 0.301 0.436
Trachypithecus 0.974 – 0.996 0.976 0.905 0.974 0.790 0.280 0.461
Cercopithecus 0.882 0.756 – 0.908 0.874 0.938 0.803 0.450 0.585
Pongo 0.927 0.832 0.984 – 0.919 0.973 0.837 0.422 0.571
Pan 0.859 0.734 0.970 0.938 – 0.991 0.944 0.658 0.781
Gorilla 0.823 0.684 0.954 0.899 0.947 – 0.897 0.634 0.740
Macaca 0.796 0.649 0.961 0.913 0.981 0.992 – 0.741 0.834
Erythrocebus 0.289 0.149 0.544 0.422 0.662 0.710 0.604 – 0.962
Papio 0.339 0.203 0.593 0.475 0.696 0.744 0.642 0.951 –

Bold values indicate statistical significance at a 5 0.05 level.
Abbreviations as in Table 1.

2Note that these specific findings only apply to anthropoid primate
hands since strepsirrhines tend to have relatively longer fourth digits
(e.g., Jouffroy et al., 1991).
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sampled from one fossil specimen and second, fourth, or
fifth digit elements from another.

In terms of the increased variance, we had expected
that, in sexually size dimorphic taxa, there would be
substantial widening of the tails of the resampled distri-
butions. Such an effect would stem from iterations of the
resampling protocol that combine large (male) with small
(female) metacarpals and phalanges, and vice versa.
Although, in all cases, variance significantly increased in
resampled distributions, this is likely due to other factors
in addition to sexual dimorphism. For example, the most
sexually dimorphic hominoids (Pongo and Gorilla) had
higher differences in absolute deviation from the median
between S1 and S2 but only marginally higher than that
of Hylobates, which exhibits low sexual dimorphism. The
largest differences for increased variability between S1
and S2 were for two other highly dimorphic taxa, Eryth-
rocebus and Papio (20.083 and 20.089 log units,
respectively).

We also tested whether estimates of PI in primates
based on composite hands constructed from unassociated
metacarpal and phalangeal elements reliably discrimi-
nate between different locomotor modes. We found that
composite hands from arboreal taxa display phalangeal
indices that overlap extensively, particularly in
resampled distributions due to the increased variance.
Thus, comparisons between taxa to test for differences
in locomotor category may tend to have inflated frequen-
cies of Type II error (false negative) due to increased
variance of resampled distributions. While overlap is
extensive in PI values among locomotor categories under
our resampling scenarios (red and gray distributions in
Fig. 2), means for most taxa in the highly arboreal and
terrestrial categories do remain distinct at a 5 0.05 and
a 5 0.10 significance levels in S2 and S3 (Table 2). Our
results indicate that, although all taxa evince systematic
decreases in MLR and increases in variance as the mis-
attribution of phalangeal elements increases, terrestrial
taxa (TQC) and highly suspensory and arboreal taxa
(SAH and AQC) appear to be the locomotor groups least
susceptible to misidentification with each other as a
result of the magnitude of dissimilarity in taxon means
between these groups.

However, comparisons across all locomotor groups are
very sensitive to the increase in variance when consider-
ing whether a particular log PI value could have come
from any particular locomotor category. As the results in
Table 5 demonstrate, terrestrial digitigrade quadrupeds
can be distinguished from all other locomotor categories
based on a single ratio, and vice versa, but only when
that ratio comes from an associated individual third
digit. The ability to rule out membership in any locomo-
tor category drops dramatically when multiple individu-
als are included in a ratio, with only terrestrial
quadrupeds being distinct from the taxa with the longest
relative phalangeal length (Hylobates and Trachypithe-
cus) at a 5 0.10. Even this distinction disappears when
identification of phalangeal ray is uncertain. This is
because terrestrial primates tend to exhibit more uni-
form digit length across Rays 2 through 5 than arboreal
primates (Etter, 1973), and there is considerable varia-
tion in digit row formulae within and between hominoid
species (Susman, 1979). This leads to the expectation
that replacing third digit phalangeal elements with
those from the second, fourth, or fifth digit would alter
the mean little between S1 and the resampling scenarios
within TQC taxa (e.g., Papio in Fig. 2 and Table 3), but

means for arboreal taxa will decrease substantially
under S3, making them more similar to means for ter-
restrial taxa and thus more difficult to distinguish from
them.

Taken together, these considerations imply that esti-
mates of intrinsic hand proportions based on composite
and associated hands are not directly comparable. To
enable statistically robust comparisons, the sampling re-
gime must be constrained to mimic the fossil sample as
closely as possible, as done in previous studies (Green
et al., 2007; Green and Gordon, 2008). For example, if
only three proximal phalanges and two intermediate
phalanges are in the sample attributed to any given fos-
sil taxon, the resampling procedure should also have the
same number and types of elements in the comparative
samples. This procedure could be applied to the numer-
ous fossil assemblages containing unassociated hand ele-
ments for taxa with potentially disputed locomotor
affinities, including but not limited to Equatorius africa-
nus, Ardipithecus ramidus, Australopithecus afarensis,
Australopithecus africanus, and Homo habilis. These
species evince postcranial morphologies consistent with
predominately terrestrial locomotion and controversy
largely focuses on the extent to which they were arbo-
real (see references in Wood and Richmond, 2000; Ward,
2002; Green et al., 2007; Patel et al., 2009; Lovejoy
et al., 2009a,b). Using resampling protocols (similar to
outlined here and elsewhere) and sufficient sample size
(e.g., all possible known elements), accurate estimates
for intrinsic hand (and foot) proportions for these species
could be achieved. Finally, in the few cases where articu-
lated digits are available from the fossil record, we en-
courage researchers to include in their manuscripts
additional analyses that compare only ratios based on
completely associated rays due to their much lower var-
iance and associated greater statistical power.
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