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The long legs and short arms of humans are distinctive for a
primate, the result of selection acting in opposite directions on
each limb at different points in our evolutionary history. This
mosaic pattern challenges our understanding of the relationship
of development and evolvability because limbs are serially homol-
ogous and genetic correlations should act as a significant con-
straint on their independent evolution. Here we test a
developmental model of limb covariation in anthropoid primates
and demonstrate that both humans and apes exhibit significantly
reduced integration between limbs when compared to quadrupe-
dal monkeys. This result indicates that fossil hominins likely
escaped constraints on independent limb variation via reductions
to genetic pleiotropy in an ape-like last common ancestor (LCA).
This critical change in integration among hominoids, which is
reflected in macroevolutionary differences in the disparity
between limb lengths, facilitated selection for modern human
limb proportions and demonstrates how development helps shape
evolutionary change.
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Limbs are serially repeated homologous structures (1, 2), like
teeth (3) and vertebrae (4). Importantly, the ancient duplica-

tion event that gave rise to the future hindlimb replicated both the
anatomical structure of the pectoral appendage and the genetic
architecture responsible for its developmental induction, pat-
terning, and growth (1, 5, 6). This shared origin of the limbs has
important consequences for their evolution (7, 8). In particular,
quantitative genetics theory predicts that genetic correlations will
cause limbs to evolve in parallel (9–11), especially between
homologous segments: i.e., the stylopod, zeugopod, and autopod
(Fig. 1A). This genetic integration, which is reflected in patterns of
phenotypic covariance (12), influences the variation that is avail-
able to selection and thus the independent evolvability of limbs
(11, 13). Whereas high correlations help ensure that similar limb
proportions scale across body size, this same integration acts as a
significant constraint on evolvability by limiting the phenotypes
available to selection (7, 8, 13). Thus, the inferred primitive pat-
tern of strong integration between homologous developmental
modules can be a significant bias on limb variation and evolution
toward size-scaled variants (Fig. 1B).
Humans are a challenge to this model because the relative

proportions of our limbs, which are thought to reflect inde-
pendent adaptations for bipedalism (14–16), endurance, running
(17), manual dexterity, and tool use (15, 18), distinguish us from
all other primates (14–16, 19) (Fig. 1C). Importantly, the hom-
inin fossil record indicates that these selective factors likely
varied in terms of timing, functional targeting, and directional
effect on the individual elements of each limb (18, 20) (Fig. 1D).
Thus our distinctive limb proportions and associated adaptations
evolved via a history of selection that both is divergent in
direction and, more to the point, is at odds with the ancestral
genetic correlations due to serial homology. Given the devel-
opmental constraints on independent limb variation, how can we
reconcile predictions derived from the common genetic archi-
tecture of limbs with the evolutionary history of hominins?
A possible solution to this problem is to assume that at some

point in primate evolution the integration between homologous

fore- and hindlimb modules was reduced, leading to a higher
degree of variational independence of limb size and shape. Our
model predicts that selection for independent function of the
limbs should lead to alterations to limb covariational structure.
Specifically, humans and apes would be predicted to exhibit
decreased phenotypic correlations between fore- and hindlimb
compared to quadrupeds. If decreases in integration between
fore- and hindlimb are a product of selection for more inde-
pendent function of limbs, then the timing of any change in
integration has implications for the reconstruction of ancestral
positional behaviors. Furthermore, because integration is linked
to the independent evolvability of limbs, our model predicts that
in lineages with weaker integration the evolutionary disparity in
limb proportions would be relatively higher, whereas in those
lineages with stronger integration, disparity in limb proportions
would be relatively lower.
We tested these predictions by comparing humans to a sample

of apes (chimpanzees, gorillas, and gibbons) and quadrupedal
Old and New World monkeys (macaques and leaf monkeys, and
squirrel and owl monkeys, respectively) (Methods and Table S1).
For each species we computed the pairwise phenotypic correla-
tions between individual limb element lengths of the stylopod
(humerus and femur), zeugopod (radius and tibia), and autopod
(metacarpal III and metatarsal III). We also used a method to
account for artifacts in correlation estimates that have not been
previously recognized in comparative studies. Specifically, we
corrected for differences in the magnitude of phenotypic corre-
lations due to sampled population variation (SI Text, Figs, S1–
S3). This method enabled us to infer significant differences in
integration with a degree of confidence not previously possible.
From these data we inferred patterns of modularity with partial
correlations and estimated integration between and within limbs
using analyses of correlation matrix eigenvalue structure
and dispersion.

Results
Our analyses indicate that humans, apes, and monkeys share a
common modular structure in which developmentally homolo-
gous fore- and hindlimb elements exhibit elevated partial cor-
relations compared to nonhomologous elements, despite
millions of years of evolution, dramatic alterations of limb pro-
portions, and highly specialized adaptations (Fig. 2A and Tables
S2–S10). In contrast, within-limb correlations between functional
modules are more variable, likely because they share fewer
pleiotropic interactions and so are freer to respond to selection
for coordinated variation (e.g., for locomotion). Humans exhibit
strong partial correlations of adjacent hindlimb elements, con-
sistent with selection for bipedal locomotion, whereas suspensory
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apes exhibit more consistent modularity among forelimb ele-
ments and quadrupedal Old and New World monkeys exhibited
significant partial correlations both within the hindlimb and
nonhomologous elements.
The conservation of modularity between limbs strongly sup-

ports our model’s prediction that shared development drives
variational integration of limbs, but only adds to the puzzle of
how divergent proportions evolved in mosaic fashion. However,
comparison of eigenvalue structure and average correlations
supports the hypothesis that integration is reduced in species
with functionally independent limbs. Both humans and apes are
significantly less integrated than quadrupedal monkeys (34–38%
reduced) (Fig. 2), and differ significantly in how strongly limb
elements correlate across most matrix partitions (Table 1). Given
the shared differences in integration of both humans and apes
compared to monkeys, we conclude from these results that the
dissociation of homologous fore- and hindlimb modules occur-

red before the evolution of modern human limb proportions
rather than simultaneously with them.
The comparison of interlimb proportions of living anthropoid

primates supports the prediction that integration has macro-
evolutionary effects on the pattern of limb divergence. Analysis
of data from all living ape genera indicates that hominoid limb
proportions are significantly more variable compared to both
cercopithecoids and ceboids (Levene’s test, P < 0.05) (Fig. 3 A
and B and Tables S11 and S12). This result is despite substantial
taxonomic, ecological, and functional diversification in monkeys
that absent consideration of developmental constraints might be
predicted to increase diversity of limb proportions. Moreover,
this pattern cannot be wholly explained by more recent species-
level diversifications because, although gibbon, macaque, gue-
non, and tamarin radiations are of comparable time depth and
species number, gibbons are significantly more variable in limb
proportions than any of these quadrupedal lineages (Levene’s
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Fig. 1. (A) The common genetic architecture of limbs, as demonstrated by their similar Hox patterning (gray, low expression; black, primary expression) (6),
reflects their serial homology and suggests a hierarchical limb covariation structure apportioned between and within limbs (7, 8). Theoretical developmental
and functional modules of the human limb are shown: stylopod (humerus and femur), zeugopod (radius/ulna, tibia/fibula), and autopod (hands, feet, and
digits). (B) Covariation between developmental modules of the limbs in response to selection determines the phenotypic space (gray ellipses) and the inde-
pendent evolvability of limbs. When correlations are low, phenotypic space is more evenly distributed (Upper Left). When correlations are high this space will
tend toward individuals differing in size but with similar proportions (Bottom Right). The model predicts that the mosaic evolution of modern human limb
proportions required reductions in integration. (C) Humans (black circle) have relative limb proportions that are distinct from apes (gray circles) and quad-
rupedal monkeys (white circles). The net direction of evolutionary change was an increase to relative leg length and a smaller decrease in relative arm length
and is approximately orthogonal to interspecific allometry of quadrupedal relative limb proportions (dashed line). Data are based on ref. 19. (D) Selection in
hominins occurred in at least two phases: (i) in early hominins such as the australopithecines [Au. afarensis (AL-288-1) and BOU-12/1, gray, reconstructed]
relative leg length increased with smaller changes to relative arm length (18, 20, 55, 56) [note: estimated IMI of Ar. ramidus is comparable to Au. afarensis (25)],
and (ii) in H. ergaster (KNM-WT15000) relative forearm length decreased and leg length further increased (18, 20, 21). This mosaic pattern indicates inde-
pendent variation in the limbs and reduced integration. Locations of fossils are based on published descriptions and estimates (18, 20, 21, 55, 56).
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test, P < 0.05; (Fig. 3C and Table S13). We conclude from these
results that a reduction in limb integration and greater inde-
pendent evolvability of limbs is characteristic of humans and
apes, and reflects the evolution of adaptation(s) that emphasized

functionally divergent usage of limbs. In constrast, low diversity
in limb proportions in quadrupedal taxa likely reflects the con-
straining effect of strong integration on the evolvability of
interlimb proportions toward size-scaled variants.
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Fig. 2. (A) Anthropoid primates exhibit consistent developmental modularity of limbs. Within-limb modularity reflects varying functional signals (e.g.,
bipedalism in the hindlimb of humans and forelimb suspension in apes). Modules (partial correlations P < 0.05) are illustrated as boxes between elements.
Modules are shaded relative to the strength of the estimated Fisher-z transformed correlation. Estimated Pearson correlation coefficient is shown. (MC,
metacarpal; MT, metatarsal; R, radius; T, tibia; H, humerus; F, femur). Species arranged by phylogenetic relationship as shown at Bottom. (B) Humans are
significantly less integrated compared to quadrupedal monkeys and similar to apes, indicating that reductions to integration and more independently
evolvable limbs characterize both fossil hominins and hominoids. Box plots show the lower and upper quartile, median of resampled eigenvalue variance (VE)
(10,000 replicates). Whiskers indicate the 95% confidence limit of the estimate. Dashed lines and shaded boxes show the average VE for hominoids (=1.79),
cercopithecoids (=3.32), and ceboids (=2.90) and the 95% confidence interval, respectively.

Table 1. Average Fisher-z transformed correlations and variance of eigenvalues (VE)

Category Measure H. sapiens P. troglodytes G. gorilla H. lar M. mulatta T. cristatus S. sciureus A. trivirgatus

Forelimb Fisher-z 0.63 0.59 0.83 0.67 0.90 1.13 0.75 0.96
SE 0.06 0.11 0.13 0.12 0.09 0.17 0.08 0.13

95% CL 0.54–0.72 0.42–0.76 0.59–1.07 0.44–0.90 0.74–1.06 0.77–1.56 0.62–0.88 0.69–1.23
Hindlimb Fisher-z 0.70 0.62 0.57 0.53 1.13 1.34 1.15 1.28

SE 0.06 0.11 0.12 0.12 0.07 0.16 0.08 0.11
95% CL 0.61–0.80 0.43–0.78 0.37–0.78 0.30–0.76 1.00–1.26 1.02–1.74 1.00–1.29 1.04–1.51

Homologous Fisher-z 0.93 1.00 1.03 1.08 1.45 1.50 1.22 1.39
SE 0.05 0.09 0.10 0.08 0.07 0.16 0.06 0.09

95% CL 0.84–1.02 0.84–1.17 0.85–1.22 0.92–1.24 1.32–1.57 1.06–1.78 1.10–1.33 1.20–1.58
Nonhomologous Fisher-z 0.64 0.58 0.66 0.56 1.00 1.17 0.91 1.12

SE 0.05 0.09 0.10 0.10 0.07 0.16 0.07 0.10
95% CL 0.56–0.72 0.42–0.72 0.49–0.84 0.36–0.75 0.87–1.13 0.84–1.56 0.79–1.03 0.91–1.34

Total Fisher-z 0.66 0.60 0.67 0.62 1.01 1.17 0.92 1.07
SE 0.05 0.09 0.09 0.09 0.06 0.15 0.06 0.09

95% CL 0.58–0.73 0.46–0.74 0.52–0.84 0.45–0.79 0.89–1.13 0.83–1.49 0.81–1.02 0.89–1.26
Limb integration VE 2.00 1.48 1.99 1.70 3.08 3.56 2.65 3.15

SE 0.11 0.16 0.27 0.26 0.17 0.33 0.15 0.31
95% CL 1.77–2.21 1.14–1.78 1.45–2.49 1.25–2.20 2.72–3.38 2.84–4.14 2.31–2.92 2.53–3.72
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Discussion
An ancestral reduction in the integration between limbs provides
a developmental context for both the mosaic evolution of hom-
inin limb proportions and the interpretation of the positional
behavior(s) characterizing the last common ancestor (LCA) of
humans and apes. In early hominins, reduced limb integration
would have facilitated the evolution of a relatively longer leg that
is a hallmark of selection for bipedalism, but would have also
enabled forelimb proportions to remain relatively unchanged.
Later reductions to forearm length in Homo exhibit similarly
uncorrelated changes with hindlimb length (20, 21), thus the

fossil record suggests that the forelimb remained relatively
independent of the hindlimb at that time. This uncorrelated
pattern is revealing, because although a longer leg positively
affects stride length and the energetic efficiency of bipedalism
(22), long arms are more adaptive in the arboreal contexts often
associated with early hominins (e.g., as an adaptation for vertical
climbing or hanging) (20, 23), but they increase distal loads and
may act as an energetic burden in striding bipedalism, endurance
running (17), or for fine manipulation and tool use found in later
hominins. Reductions to integration would have facilitated
independent changes between limbs that otherwise would be
correlated and potentially nonadaptive, and was therefore likely
to play an important role in the dissociated and mosaic process
by which modern human limb proportions evolved.
Human bipedalism has been argued to have its origins in the

orthograde and suspensory positional behaviors shared by all
apes (e.g., ref. 24), but the exact preadaptive mode(s) charac-
teristic of the LCA is still a source of considerable debate (e.g.,
refs. 23–30). The most parsimonious reconstruction of the results
presented here supports an ancestral morphotype in which
positional behaviors were dissociated into more independent
limb functions. African apes are the most logical model for this
morphotype because, in addition to their close phylogenetic
proximity, their mixture of limb adaptations reflects a selective
compromise for positional behaviors ranging from terrestrial
quadrupedalism and suspensory hang feeding to limited biped-
alism (23). Their corresponding pattern of reduced integration,
which is consistent with elevated variation in other postcranial
structures (e.g., refs. 31, 32), implies that an African ape-like
LCA would have had relatively more uncorrelated variation
upon which selection could act independently. In contrast, a
quadrupedal monkey-like LCA (e.g., ref. 25) would both require
multiple episodes of independent evolution for divergent limb
proportions and function in apes and would imply an LCA whose
limbs and postcranium are fundamentally more constrained to
coevolve. For this reason, an African ape-like LCA that was free
of some of the constraints of high integration would have had
more potential to evolve toward the human condition than a
more integrated quadrupedal LCA, this despite apes occupying a
phenotypic space that is opposite that of humans. In this context,
an evolutionary trajectory from an ape-like LCA to humans that
“crosses” quadrupedal limb proportions (Fig. 1 C and D) sug-
gests that the more monkey-like limb proportions of early
hominins (e.g., Ardipithecus ramidus, Australopithecus afarensis)
(25) are predictable intermediate outcomes of mosaic selection
for bipedalism from a more evolvable ape-like LCA rather than
shared primitive traits from a constrained quadrupedal LCA.
These results further indicate that integration has broad

macroevolutionary consequences on patterns of limb proportion
diversification, as seen in the greater diversity of limb pro-
portions in living apes compared to quadrupedal monkeys. This
effect of integration on long-term patterns of evolutionary
diversity may help to explain postcranial variability and mosaic
evolution in fossil apes (e.g., refs. 33–37). Our results suggest one
possibility that variability may reflect evolutionary “exper-
imentation” in postcranial body plan that was made possible by
the effect of selection for functional dissociation on the inde-
pendent evolvability of limbs. Thus, a trend toward dissociation
of limb function may have been a key adaptation of early hom-
inoids that helped pattern their later postcranial evolutionary
radiation. In contrast, strong integration appears to have biased
monkeys toward size-scaled variants with similar limb pro-
portion, thus limiting their postcranial diversification. The cer-
copithecoid fossil record is congruent with this interpretation
because it does not indicate major alterations to body plan or
limb proportions (14, 38), enough so that one could reasonably
conclude that ancestral fossil taxa are close postcranial analogs
of their living descendants. However, given the large number of
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Fig. 3. Hominoid taxa have more variable interlimb proportions compared
to cercopithecoid and ceboid monkeys as predicted by their reduced inte-
gration (all comparisons P < 0.05, Levene’s test). Each dot represents one
species value. Black boxes show the mean of each group. (A) Comparison of
relative arm and leg length for species with mixed function from each of the
superfamilies (Table S11). (B) Comparison between suspensory apes to
quadrupedal monkey species for the intermembral index (Table S12). (C)
Comparison of primate radiations of comparable time depths and species
numbers (Table S13).
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living Old World monkey species compared to apes, it is clear
that this constraint did not affect their evolutionary success.
Although the ultimate causation for this pattern of integration

is divergent selection on the length of elements in each limb, the
proximate mechanism likely resides in the effect of this selection
on genetic pleiotropy. In this case, selection associated with
independent function of the limbs in apes and humans likely
acted to reduce or limit the effects of genetic influences shared
between homologous limb elements. Other possibilities, such as
differences in integration being secondarily related to variation
in the function itself, are less likely because habitual activity does
not significantly affect limb length covariation structure or
magnitude, at least in experimental settings (39). On the other
hand, the likelihood that reduced pleiotropy between limbs
provides the mechanism for reductions in integration is strongly
supported by the discovery of genetic elements that specifically
change the correlations among quantitative characters (40),
suggesting that the magnitude of integration is both heritable
and evolvable. The source of these observed differences there-
fore is likely to be found in the evolution of genes that are
uniquely expressed in either limb or selection for variation in the
regulation of timing, location, and function of genes common to
both limbs. Resolving what these mechanisms are and how they
contribute to the differentiation of primate fore- and hindlimb
therefore will be critical to reconstructing how human limbs
responded to selection for divergent functions.
In summary, the comparison of phenotypic correlations in

humans and anthropoid primates supports a significant role for
shared genetic architecture and development in structuring the
pattern of limb divergence. More generally, by linking micro- and
macroevolutionary processes in a quantitative framework, these
results serve as a model for the evolution of individuation and
diversification of parts of other serial homologs [e.g., digits (41),
teeth (3), vertebrae (4), insect appendages (42), and butterfly
eyespots (43), etc.] that is applicable across both plants and
animals. In addition, it shows that because developmental inte-
gration evolves in response to selection, patterns of change can
help to inform interpretations of the timing and selection pres-
sures involved in morphological diversification, particularly with
regard to the fossil record. Further work focused on defining and
testing these issues (e.g., refs. 44, 45) will ultimately help to
determine how evolutionary modifications to developmental
systems either limit or facilitate evolutionary change.

Methods
Data. The sample is composed of adult males and females of Homo sapiens
sapiens (modern humans, n = 133), Pan troglodytes troglodytes (common
central chimpanzee, n = 43), Gorilla gorilla gorilla (western lowland gorilla, n
= 62), Hylobates lar (white handed gibbon, n = 63), Macaca mulatta (rhesus
macaque, n = 176), Trachypithecus cristatus (silvery leaf monkey, n = 59),
Saimiri sciureus (squirrel monkey, n = 102), and Aotus trivirgatus (owl
monkey, n = 74) (Table S1). For each species we collected data on the
maximum measured length of each of the following limb elements: hume-

rus, radius, metacarpal III, femur, tibia, and metatarsal III. Differences in the
mean between sexes, populations, or ethnicity were removed by centering
the data (i.e., differences in means were added to individual values from the
group with the lower mean).

Modularity. Partial correlation matrices were calculated from species corre-
lation matrices (46) (Tables S2–S10). Partial correlations measure the corre-
lation of two variables conditioned on all other variables, i.e., the correlation
of two variables independent of information from other variables in the
correlation matrix. Significance of two variables’ conditional independence
was assessed using an information theoretic measure known as the edge
exclusion deviance and the χ2 distribution (46). Significant partial correla-
tions are illustrated as module graphs between limb elements.

Integration. We used two complementary measures: (i) the variance of
eigenvalues (VE) (47, 48), which is derived by calculating the eigenvalues of
species estimated correlation matrices and their population variance; and (ii)
the average Fisher-z transformed correlations for five sets of theoretical
functional and developmental modules [homologous (stylopod, zeugopod,
autopod), nonhomologous (i.e., all but homologous), forelimb, hindlimb,
and total]. To correct for variance artifacts in correlations, we used a
resampling approach. First, for each species we resampled each centered
data set with replacement (10,000 replicates), and for each replicate we
calculated a correlation matrix, the population variance [average coefficient
of variation (CV) for all traits], the VE, average Fisher-z transformed corre-
lations, and a matrix correlation (rm) with the original centered data set.
Second, using only those replicates that had a rm > 0.95 (i.e., correlation
structure not statistically distinguishable from identity), we estimated the
log-linear relationship between each of these variables and the average trait
CV (Fig. S4). Third, using this estimated relationship we estimated correla-
tions among species at a common population variance. Correlation matrices
and estimates of VE are stable (rm > 0.90) for CV values of 3.5–5.5% (i.e.,
within the range of the 95% confidence interval for all species CV estimates).
As such, we report an estimated value for VE and average Fisher-z trans-
formed correlations at a single value of CV (= 4%) with 95% confidence
intervals estimated by resampling (10,000 replicates). All procedures were
performed using either the software PopTools 3.8 (49) or R (50).

Disparity of Limb Proportions. We used limb proportion estimates calculated
from this data set and other published sources (14, 16, 19, 51–53) (Tables S11
and S12). Data from Schultz (19) are calculated as the maximum length of the
limb from shoulder/hip to finger tip or the sole of the foot divided by trunk
length, which differs from themore commonly used intermembral index (IMI)
[i.e., (humerus length + radius length)/(femur length + tibia length) × 100] (14,
16). Disparity was calculated as the absolute value of the average deviation
from the lineage mean and significance assessed via Levene’s test (54).
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