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ABSTRACT
In many primate species, hands and feet
are large relative to neonatal body weight, and they subsequently exhibit negative allometric growth during ontogeny. Here, data are presented showing that this pattern holds for a wild population of lemur, Verreaux’s
sifaka (Propithecus verreauxi verreauxi). Using morphometric data collected on this population, it is shown that
younger animals possess relatively large hands and feet.
This ontogenetic pattern suggests a simple behavioral
test: do juvenile animals with their larger, almost adultsized hands and feet locomote on similarly sized substrates as adult animals? Using locomotor bout sampling, this question was tested by collecting positional
behavior data on this population. Results from this test
ﬁnd no differences in locomotor behaviors or substrate
use between yearlings and adult animals. To place these
results in a broader evolutionary context, heritabilities
and selection gradients of hands, feet, and other limb

The study of primate positional behavior and anatomy
is among the most investigated topics in evolutionary
anthropology. Numerous researchers have explored the
functional, behavioral, ecological, and/or ontogenetic
bases of primate movement and postures (Jenkins, 1974;
Morbeck et al., 1979; Martin, 1990; Strasser et al., 1998;
Richmond et al., 2001). With few exceptions, all of these
studies worked within an adaptive framework. That is,
many of the variables investigated by researchers—for
example, leaping behaviors in Saguinus (Garber, 1991),
bone-muscle conﬁgurations in Presbytis (Fleagle, 1977a,b),
or growth trajectories in Pan (Doran, 1992)—are examined against the assumption that natural selection has
acted, and continues to act, on these variables (Fleagle,
1979, 1984; Cant, 1992). A strong ﬁt between anatomical
form, biomechanical function, and a particular positional
behavior is often interpreted as evidence that natural
selection has shaped the overall locomotor pattern of the
species under study (e.g., Fleagle, 1977a,b; Garber, 1980,
1991). This is not to say that researchers a priori assume
the presence of adaptation in the things that they study;
rather, they test a hypothesis of adaptation by evaluating
the ﬁt between form, function, and behavior (Bock and
Von Walhert, 1965; Fleagle, 1979; Cant, 1992). No doubt,
nonadaptive factors also inﬂuence postcranial anatomy
and positional behavior, but usually such arguments are
made after assailing the adaptive basis of the system or
species under investigation (Fleagle, 1985).
By framing studies within an adaptive framework,
there is an implicit invocation of fundamental evolutionary parameters such as selection coefﬁcients, ﬁtness estimates, and trait heritabilities. And while it is well-established that adaptive evolution requires a connection
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elements for animals in this population were estimated.
Among limb elements, heritabilities range from 0.16–
0.44, with the foot having the lowest value. Positive
directional selection acts most strongly on the foot (directional selection gradient ¼ 0.119). The low heritability
and positive selection coefﬁcient indicate that selection
has acted, and continues to act, on foot size in young
animals. These results are interpreted within a functional context with respect to the development of locomotor coordination: larger feet enable young animals to use
‘‘adult-sized’’ substrates when they move through their
habitat. It is suggested that the widespread pattern of negative allometry of the extremities in sifaka and other primates is maintained by selection, and does not simply
reﬂect a primitive developmental pathway that has no
adaptive basis. Am J Phys Anthropol 131:261–271, 2006.
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between ﬁtness and heritable variation in phenotype,
many of these fundamental evolutionary parameters are
rarely estimated in wild primate populations. This is
more a logistical problem than an epistemological one.
Most primatologists would agree that estimating selection coefﬁcients from wild primate populations would be
enlightening, but most would also acknowledge that
such information is difﬁcult to collect. Studies of primate
locomotion in the ﬁeld or laboratory do not gather data
from an entire population. Rather, one or a few social
groups are followed through the forest, or several specimens of unknown kinship are measured in museums.
Nevertheless, the unit of evolution is the population, and
thus proper estimations of selection coefﬁcients, heritabilities, and variations in ﬁtness require phenotypic
data from numerous animals with known fates and kinship. Such data are rarely available, and thus the degree
to which selection acts on positional behavior and anatGrant sponsor: National Science Foundation; Grant numbers:
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omy, as well as how such traits respond to selection, is
unknown.
In this study, data on selection coefﬁcients and heritabilities among limb elements are presented. These data
were all collected from a single wild population of Verreaux’s sifaka (Propithecus verreauxi verreauxi; ‘‘sifaka,’’
hereafter) and are used to investigate the interplay
between ontogeny, positional behavior, and natural selection in sifakas. Adding an ontogenetic component to positional behavior studies provides additional insights into
the adaptive nature of primate movement, because selection acts on the growing individual, not just on adult
‘‘endpoints’’ (e.g., Stearns, 1992; Carrier 1996; Pereira
and Leigh, 2003). In this regard, ontogenetic approaches
test functional relationships between growth-related
changes in positional behavior (and anatomy) with respect to the demands imposed by structural or ecological
factors (Jungers and Fleagle, 1980; Jungers and Hartman,
1988; Jungers and Cole, 1992; Doran, 1992; Turnquist and
Wells, 1994; Carrier, 1996; Wells and Turnquist, 2001).
One wide-ranging ﬁnding from ontogenetic studies of postcranial elements is the pattern of negative allometry of the
distal limb elements (e.g., Jungers, 1985). In virtually all
taxa examined, hands and feet (or some linear measurement thereof) exhibit negative allometric growth. That is,
immature animals possess relatively large hands and
feet, and subsequently, during ontogeny, hands and feet
grow at a slower rate relative to body mass. This pattern
manifests, for example, in Macaca mulatta (Grand,
1977; Turnquist and Wells, 1994), Cebus albifrons, Cebus
apella (Jungers and Fleagle, 1980), Ateles geoffroyi,
Saimiri sciureus (Ford and Corruccini, 1985), Propithecus
diadema, Propithecus tattersalli (Ravosa et al., 1993),
and Macaca sinica (Cheverud et al., 1992). In discussing
the likely adaptive signiﬁcance in this pattern, Jungers
and Fleagle (1980, p. 476) note that, ‘‘Relatively large
hands and feet probably reﬂect the selective importance
of efﬁcient gripping and grasping behaviors of young animals. . . All supports encountered by immature animals
are of relatively large diameters, especially when they
must negotiate the same arboreal pathways used by
mature animals, and relatively large hands and feet are
clearly advantageous in such situations.’’
In this study, two testable hypotheses are developed
from Jungers and Fleagle’s statement: A) that immature
animals negotiate the same arboreal pathways as adult
animals; and B) that natural selection is responsible for
the pattern of negative allometric growth evidenced in
the hands and feet. Using morphometric data, I show
that sifakas (like other primates) also exhibit negative
allometric growth of the hands and feet. This is demonstrated by examining growth allometries of the hands,
feet, and other limb elements. Then, drawing from the
results of the allometric analysis, I address three questions that operationalize the two hypotheses listed
above: 1) Given that immature animals possess relatively large hands and feet, do younger animals exhibit
similar locomotor behaviors and use the same-sized substrates as adults? 2) Is there evidence of past selection
pressures acting on hands and feet in this population? 3)
What is the strength of directional selection acting on
hands, feet, and other postcranial elements? These three
questions get at how the pattern of negative allometry
exhibited in the hands and feet potentially inﬂuences
positional behavior in juveniles (hypothesis A, from
above), and whether the pattern of negative allometry
can be linked to predictions from quantitative genetic

models of adaptive evolution (hypothesis B, from above).
Speciﬁcally, I make the following predictions. I predict
that juveniles and adults will exhibit similar patterns of
locomotor behavior and substrate use. The functional basis for this prediction is that juveniles can use their relatively larger hands and feet to grasp and cling to larger,
‘‘adult-sized’’ substrates when moving through their habitat. Along these lines, if the pattern of negative allometric growth is a product of recent and/or persistent selection pressures, then heritability estimates for hands and
feet should be lower than estimates for other postcranial
elements. The quantitative genetic basis of this prediction is that when natural selection acts on a particular
trait, it ‘‘chews up’’ the additive genetic variance in that
trait (Fisher, 1930; Charlesworth, 1987). Because heritability is proportional to additive genetic variance, heritability values tend to be lower for traits under selection.
If hands and feet are adaptively large, then I predict
that selection continues to act on these elements to
maintain their size relationship with body mass. In this
case, directional selection coefﬁcients should be positive
and take on larger values for hands and feet relative to
other limb elements. In particular, sifaka feet are
adapted for grasping vertical branches (Gebo, 1985), and
sifakas use the deep cleft between their big toe and
lateral digits to push off and ‘‘catch’’ substrates when
leaping between them (Demes et al., 1996). Therefore,
I further predict that the quantitative genetic parameter
values will be more pronounced in the foot relative to
the hand.

METHODS
Parentage and morphometrics
The Beza Mahafaly sifaka population has been studied
since 1984 (Ratsirarson, 2003). Each year, wild P. v. verreauxi are captured, measured, and marked, using colorcoded collars and numbered tags (Richard et al., 1993,
2000, 2002). Twenty-three morphometric measurements,
as well as dental casts, hair and tissue samples, and a
range of qualitative data are gathered from each animal
during the capture procedure. The population continues
to be monitored, and census data yield information on
population size, numbers of social groups, group composition (sex and age), transfers of individuals, disappearances, deaths, and births. The present study uses paternity data for all adult males in the population from
1989–1999. Details of the paternity analysis can be
found in Lawler (2003) and Lawler et al. (2001, 2005a).
The traits used in the present analysis consist of linear
measurements taken on the following limb elements:
upper arm length, lower arm length, hand length, upper
leg length, lower leg length, and foot length. All measurements were taken on the left side of each animal.
Descriptions of the measurements, sample size, and trait
means and standard deviations are given in Table 1.
Sample sizes for the various analyses used in this study
are presented in Table 2.
To investigate differential patterns of growth among
limb elements, allometry coefﬁcients were calculated by
regressing log-transformed trait values onto the cube
root of log-transformed body-mass values. The y-intercept gives the value of the trait when body weight is
zero; the slope is estimated by cross-sectional data
(which include some animals captured more than once),
and approximates the rate of growth of the trait relative
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TABLE 1. Deﬁnitions and summary statistics for morphometric traits used in this study
Trait
Upper
Lower
Hand
Upper
Lower
Foot

arm
arm
leg
leg

Description: length (in cm) from

Mean

Standard deviation

Acromion process on scapula to lateral epicondyle on humerus
Lateral epicondyle on humerus radial styloid on radius
Base of thenar/hypothenar pad (i.e., palm) to tip of longest digit
Greater trochanter on femur to lateral epicondyle of tibia
Lateral epicondyle of tibia to lateral malleolus of ﬁbula
Back of calcaneous to tip of longest digit

9.18
9.72
9.08
16.30
14.53
12.07

0.85
0.77
0.60
1.16
1.17
0.81

TABLE 2. Sample sizes for various analyses used in this study
Analysis

Sample size (no. of animals)

Morphometric
Positional behavior
Heritability
Selection gradient

220–331
11
146
160

to body size (Fleagle, 1999). Both ordinary least-squares
(LS) regression and reduced major axis (RMA) regression
are reported (Legendre and Legendre, 1998). When the
allometry coefﬁcient (i.e., the slope) is signiﬁcantly below
0.33, this indicates the presence of negative allometric
growth. Signiﬁcance tests of LS slopes were determined
by using a custom test with P ¼ 0.05; the signiﬁcance of
RMA slopes was ascertained by looking at whether the
95% conﬁdence interval for the slope overlapped with
0.33. Both tests were carried out in the statistical computer package JMP 5.1 (SAS Institute, Cary, NC).

Positional behavior data
Positional behavior data were collected in August of
2001 at Beza Mahafaly Special Reserve by R.R.L. and
Jean Charles Razaﬁmahazo. Prior to data collection, we
tested for interobserver reliability, and obtained congruent results from our independent sampling efforts. Locomotor bout sampling was used (e.g., Fleagle, 1976), and
2,024 locomotor bouts were collected on nine adult and
two juvenile animals in two different social groups.
Adult animals were reproductively mature individuals
older than 5 years (range, 6–25 years), and juvenile animals were all approximately 1 year old (i.e., yearlings).
Thus, below, when I refer to ‘‘juvenile’’ or ‘‘immature’’
sifakas, I am talking about 1-year-old animals. Attempts
were made to collect equal amounts of data on adults
and yearlings: 1,027 locomotor bouts were collected for
adult animals, and 997 locomotor bouts for yearlings.
Sifakas achieve locomotor independence at about 5–6
months of age, but continue to gain mass over the next
5–6 years (Fig. 1). In this study, only locomotor behaviors, leaping distance, and substrate use data are presented. An ethogram and deﬁnition of substrate variables are presented in Table 3; the deﬁnitions of behaviors
and substrate categories follow those of Dagosto (1994,
1995). Statistical signiﬁcance in positional behaviors and
substrate use between juveniles and adults was determined by nonoverlapping 95% conﬁdence intervals. Conﬁdence intervals were calculated using a bootstrap
resampling procedure with 5,000 replicates. The resampling program to calculate conﬁdence intervals was written in MATLAB programming language (Mathworks,
Inc., Natick, MA), following the procedures in Kaplan
(1999).

Quantitative genetics
Heritabilities (h2) were estimated from father-offspring
regressions. As sifaka males contribute negligible paternal care (Richard, 1976, 1978), father-offspring regressions eliminate any potential maternal effects (Cheverud
and Moore, 1994; Lynch and Walsh, 1998). Unweighted
regressions were used because family sizes were relatively small (Lynch and Walsh, 1998). To control for variation arising from differences in development and body
size, trait values were quadratically regressed against
body mass, and residuals from this regression were used
to estimate heritability (Cheverud and Dittus, 1992).
Heritability values are calculated as two times the value
of the slope of the father-offspring regression (Falconer
and MacKay, 1996).
Multivariate regression was used to determine patterns of viability selection on limb elements. Estimates
of directional selection were achieved by regressing relative ﬁtness (x) on standardized trait values (zi) (Lande
and Arnold, 1983). To remove age effects, all linear
measurements were regressed against age using a leastsquares regression, and the resulting residuals were
used to estimate the strength of selection. Ultimately, I
want to know if the size of hands and feet is associated
with viability over the period in which animals are still
growing. To this end, the ﬁtness measure examined the
potential covariation between limb-element size and survivorship of animals up to age 8 years. Long bone and
hand/foot growth trajectories ‘‘level off ’’ at around age 5
years, and body mass ‘‘levels off ’’ at about age 8 years
(Fig. 1). Analyzing the covariation between limb elements and survivorship during the ﬁrst 8 years of life
maximizes the possibility that some of the variation in
survivorship is due to variation in limb and hand/foot
length. A discrete ﬁtness measure was used: animals
surviving for 8 or more years (scored as a ‘‘1’’) vs. animals dying before age 8 (scored as a ‘‘0’’). The sifaka population was not signiﬁcantly growing or shrinking during this period (Lawler et al., 2005b), suggesting that the
binary ﬁtness measure is not affected by ‘‘background’’
mortality or reproduction (Manly, 1985). All traits were
logarithmically transformed and standardized, so that
they have a mean of 0 and a standard deviation of 1. The
ﬁtness measure was regressed against trait values using
the following equation:
x ¼ intercept þ Rb1 zi

ð1Þ

In Equation 1, b1 denotes the multivariate estimate of
linear (i.e., directional) selection acting on individuals in
the population. This coefﬁcient measures the strength of
directional selection acting directly on each trait,
because the multivariate equation statistically removes
the effects of indirect selection (Lande and Arnold,
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Fig. 1. Flexible spline ﬁt of body
mass by age. Dashed lines show point at
which body mass mostly ‘‘levels off ’’ during growth. This occurs around age 8
years, when body mass is just below 3
kg. Line was ﬁt using smoothing spline
function (lambda ¼ 401.6; R2 ¼ 0.72) in
statistical program JMP-In (SAS Institute, Cary, NC).
TABLE 3. Ethogram and deﬁnition of substrate categories
Locomotor behaviors
Vertical leap: thigh-propelled, long-distance jumps
between vertical substrates (usually >1 m). During
take-off and landing, body is generally in orthograde
position. Further discussion is given in text (see also
Demes et al., 1996).
Leap: locomotor behavior that results in an "in-air" phase
of movement from a nonvertical substrate. These leaps
include short-distance leaps (usually <1 m).
Climb: movement on oblique substrates using all four
limbs in irregular, nonstereotyped pattern.
Quadrupedal: movement using all four limbs equally;
spine is pronograde.
Classiﬁcation of substrates
Horizontal: branch angled 0–308 from horizontal.
Oblique: branch angled 30–608 from horizontal.
Vertical: branch angled 60–908 from horizontal.
Small: branch/trunk between 2.5 and 10 cm in diameter.
Medium: branch/trunk between 10 and 15 cm in diameter.
Large: branch/trunk greater than 15 cm in diameter.

1983). Positive coefﬁcients indicate that larger trait values covary with survivorship, while negative coefﬁcients
indicate that smaller trait values covary with survivorship. There was no evidence of nonlinear selection acting
on limb elements, so I do not present results for stabilizing, disruptive, or correlational selection coefﬁcients.
Statistical signiﬁcance is set at P ¼ 0.05, although it
remains an open question as to what constitutes strong
vs. weak selection (Conner, 2001). To help interpret
selection coefﬁcients that approach statistical signiﬁcance (where the P-value is around 0.5), a neural network model was used. This model ﬁts a multivariate surface to the data, and in the present context, allows one
to visualize how ﬁtness is dependent on trait values. The
overﬁt penalty for the model was set at 0.075 and used
three hidden nodes; these values captured the basic form
of the ﬁtness function speciﬁed by the selection coefﬁcients. Further details of this technique are presented in
Lawler et al. (2005a; see also Schluter and Nychka, 1994).

The neural network model was implemented using the
statistical package JMP-In 5.1 (SAS Institute).
A few caveats should be noted about the methodology.
First, the regression lines are calculated using data collected on animals that ranged in age from 1–25 years.
No data are available from animals younger than 1 year
old; thus it is possible that the inclusion of these latter
animals could change the slope of the regression line.
Second, the data set contains measurements for some
animals that were captured up to three times. One
would suppose that regression lines calculated from
recaptured animals would approximate the regression
lines calculated using the entire data set. This is not
always the case, however, as slopes calculated only from
recaptures generally underestimate the slopes calculated
from the total data set. The discrepancy is likely due to
statistical leverage problems (i.e., ﬁtting a regression
line to two or three data points) and the fact that adult
body mass ﬂuctuates seasonally, and some of the recaptures manifest this seasonal variation, resulting in negative slopes. Third, I argue that total hand/foot length is
a proxy for the span between the divergent ﬁrst digit
and the lateral digits; this is, at best, a very rough
stand-in for prehensile ability, and further data are required to substantiate my arguments. More data are
needed on the scaling relationships among pedal elements in sifakas with respect to substrate use. In particular, the allometric relationship between ﬁrst-digit
length and total foot length requires quantitative substantiation.

RESULTS
Results pertaining to ontogenetic allometry are presented in Figure 2 and Table 4. Growth allometries of
limb segments, as estimated by LS regressions, are all
signiﬁcantly different from 0.33 (Table 4). LS coefﬁcients
for the hand and the foot are the lowest among the postcranial elements. These coefﬁcients are 0.21 and 0.18 for
the hand and foot, respectively. Table 4 also provides
coefﬁcients estimated from RMA. For these coefﬁcients,
only the regression slopes for hand and foot are signiﬁ-
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Fig. 2. Bivariate plots of limb elements and body mass. Each plot shows the least-squares (LS) and reduced major axis (RMA)
estimate of the allometry coefﬁcient.
TABLE 4. Regression statistics for allometric plots

Trait
Upper
Lower
Hand
Upper
Lower
Foot

arm
arm
leg
leg

Slope
signiﬁcantly
lower than
0.33?

R2

LS
intercept

LS

RMA

0.43
0.57
0.54
0.57
0.44
0.52

1.99
2.04
2.02
2.58
2.48
2.33

Yes
Yes
Yes
Yes
Yes
Yes

No
No
Yes
No
No
Yes

cantly different from 0.33. These estimates are 0.29 for
the hand, and 0.26 for the foot.
Results from the morphometric study indicate that
hands and feet retain the lowest growth allometry coefﬁcients among the postcranial elements. This deviation
from geometric scaling demonstrates that juvenile animals have relatively larger hands and feet than adults.
How do these patterns inﬂuence positional behavior and
substrate use? Results pertaining to this question are
presented in Table 5. Yearling and adult sifakas show no
signiﬁcant differences in the frequencies of any locomotor behaviors. Both adult and immature animals
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TABLE 5. Frequencies of locomotor behaviors, substrate use, and leaping distance for yearling and adult sifakas
Yearlings1

Locomotion
Climb
Leap
Vertical leap
Quadrupedalism
Branch size
Small
Medium
Large
Branch angle
Horizontal
Oblique
Vertical
Leaping distance (average
distance in meters)
1

0.19
0.32
0.48
<0.01

Adults1

(0.16–0.22)
(0.28–0.35)
(0.45–0.52)
(0.00–0.02)

0.18
0.29
0.53
<0.01

Yearlings vs. adults
signiﬁcantly different?

(0.15–0.21)
(0.24–0.32)
(0.49–0.57)
(0.00–0.02)

No
No
No
No

0.62 (0.59–0.65)
0.29 (0.26–0.32)
0.09 (0.07–0.11)

0.67 (0.64–0.70)
0.24 (0.22–0.27)
0.09 (0.07–0.11)

No
No
No

0.12
0.33
0.55
1.34

0.19
0.26
0.55
1.28

Yes
Yes
No
No

(0.10–0.14)
(0.30–0.36)
(0.51–0.58)
(1.29–1.40)

(0.17–0.22)
(0.24–0.29)
(0.51–0.58)
(1.22–1.33)

Percent value (95% conﬁdence interval).
TABLE 6. Heritability values and directional
coefﬁcients for limb traits
Trait

Upper
Lower
Hand
Upper
Lower
Foot

arm
arm
leg
leg

Heritability 6 SE
0.44
0.28
0.21
0.43
0.24
0.16

6
6
6
6
6
6

0.22
0.22
0.27
0.21
0.18
0.18

Directional coefﬁcients
(b)
0.007
0.051
0.034
0.062
0.056
0.119

(P
(P
(P
(P
(P
(P

¼
¼
¼
¼
¼
¼

0.90)
0.45)
0.58)
0.32)
0.37)
0.07)

engaged primarily in vertical leaping (48% for yearlings,
and 53% for adults) and leaping (32% for yearlings, and
29% for adults), followed by climbing (19% for yearlings,
and 18% for adults) (Table 5). Yearlings and adults did
not signiﬁcantly differ with respect to use of differentsized substrates. Yearlings and adults primarily used
small-sized substrates (62% vs. 67%, respectively), followed by medium-sized substrates (29% vs. 24%, respectively) and large-sized substrates (9% vs. 9%, respectively). There were no signiﬁcant differences in use of
vertical branches, but adults used signiﬁcantly more horizontal branches than did immature animals (adults,
19%; yearlings, 12%), and yearlings used signiﬁcantly
more oblique branches than did adults (adults, 26%;
yearlings, 33%). Leaping distance (which includes both
types of leaping; see Table 3) was not signiﬁcantly different between immature and adult animals.
Heritability values are presented in Table 6. The lowest heritability occurs in the foot (h2 ¼ 0.16). The hand
has a heritability of 0.21. The upper arm and upper leg
have similarly valued heritabilities of 0.44 and 0.43,
respectively. The lower arm has a heritability of 0.28,
and the lower leg has a value of 0.24. Coefﬁcients of
directional selection are also presented in Table 6. Elements of the upper limb experience very weak (i.e., negligible) directional selection. The upper arm experiences
slight negative selection (b1 ¼ 0.007, P ¼ 0.90), as does
the lower arm (b1 ¼ 0.051, P ¼ 0.45). The hand
also experiences slight negative selection (b1 ¼ 0.034,
P ¼ 0.58). The upper leg is under weak negative directional selection (b1 ¼ 0.062, P ¼ 0.32). The lower
leg experiences very weak positive directional selection
(b1 ¼ 0.056, P ¼ 0.37), while the foot experiences stronger positive directional selection that approaches statistical signiﬁcance (b1 ¼ 0.119, P ¼ 0.07). Figure 3 shows

the ﬁtness surface for hands and feet. This surface
reveals the strong positive directional selection acting on
foot length, as well as the very weak negative directional
selection acting on hand length. Note that the surface is
essentially planar, because ﬁtness was coded as a binary
variable.

DISCUSSION
Negative allometry of the foot: functional and
ontogenetic considerations
The indriid foot is characterized by strong grasping
capabilities that are associated with vertical clinging
and leaping (Napier and Walker, 1967; Gebo, 1985). Sifakas have a greatly elongated, widely divergent big toe
that opposes the other digits (and forefoot area) during
halucial grasping (Jouffroy and Lessertisseur, 1979;
Gebo and Dagosto, 1988). The deep cleft between the
hallux and lateral digits allows the animal to grasp
larger-diameter substrates than comparably sized lemurids (Jouffroy and Lessertisseur, 1979; Gebo and Dagosto,
1988). Gebo (1985) argued that the indriid foot is particularly adapted for grasping vertical substrates, with
much of the gripping power coming from the ﬁrst and
second digits. The ankle-joint morphology reﬂects a conﬁguration that allows for both stronger grips and greater
eversion (Gebo and Dagosto, 1988). Several modiﬁcations
of the three cuneiform bones serve to increase the angle
between the hallux and other digits (Gebo, 1985). This
joint conﬁguration helps keep the hallux widely separated from the lateral digits, and this span serves an important role during leaping. In a detailed study of the kinematics of sifaka leaping, Demes et al. (1996) documented the movements involved in a vertical leap. In
accordance with functional-morphological predictions,
the sifaka foot is largely everted during take-off, and the
majority of propulsive force comes from the thigh
muscles (Demes et al., 1998). The deep cleft between the
big toe and lateral digits forms an anchoring point during push-off. The animal rotates in midair, and lands
feetﬁrst, using the same deep cleft to ‘‘catch’’ the incoming substrate. During leaping, the hands are used mostly
for balance and stabilization, and provide very little propulsive force (Demes et al., 1996; R. Lawler, personal
observations). The linear measurement of foot length
used in this study captures the basic functional aspects
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Fig. 3. Fitness surface showing the relationship between
survivorship and hand and foot length. The surface is predominated by the dependency of ﬁtness on larger values of foot
length (indicating positive directional selection). Fitness increases along the vertical axis.

of the foot as it is used during leaping. Total foot length
(i.e., from the calcaneus to the tip of digit IV) is positively correlated with the distance from the calcaneus to
the tip of digit I (Jouffroy and Lessertisseur, 1979; R.
Lawler, unpublished data); thus the single linear measurement down the length of the foot serves a proxy for
the span between the ﬁrst digit and the lateral digits.
Longer feet have relatively more distance between the
tip of the hallux and the tips of the lateral digits; thus, a
longer foot length provides a larger area to receive
approaching substrates during landing.
Sifaka yearlings utilize the same locomotor behaviors
and same-sized substrates, and maintain similar leaping
distances as adult sifakas. By all measures used in this
study, sifaka yearlings do not engage in any behaviors
that would suggest that they are under different ecological pressures to move around their habitat in a manner
different from adults. I hypothesize that the strong negative allometry of the foot allows newly locomotor-independent sifakas to safely leap between substrates, using
the relatively large span between the ﬁrst and lateral
digits as a push-off and ‘‘catch-point.’’ Leaping between
substrates poses a substantial ecological challenge to
young primates (Johnston, 1981), and it is clear that
young sifakas, like other primates, ‘‘practice’’ leaping
(Jolly, 1966; Richard, 1976; Wells and Turnquist, 2001).
Leaping requires a combination of invariant movements
(i.e., the animal’s overall trajectory from trunk to trunk)
and movements that ﬁne-tune or adjust joints and limb
positions, based on immediate sensory feedback from the
environment (Johnston, 1981). Studies of locomotor tuning show that animals must make immediate adjustments to their locomotor actions based on factors such as
pliability and sway, as well as the physical properties of
the substrate (Easton, 1972; Johnston, 1981). However,
because motor coordination develops across the early juvenile period, locomotor tuning is an attribute that is
partially acquired (discussed in Easton, 1972; Loeb,
1989; Sporns and Edelman, 1993; Carrier, 1996). In this
regard, yearlings are less dexterous leapers than adult
sifakas.

This hypothesis makes sense in the context of selection pressures acting on locomotor performance during
ontogeny. Despite their smaller size and still-developing
neuromuscular control, immature animals are subject to
the same challenges of avoiding predators, ﬁnding food,
and keeping up with group movements as adult animals
(e.g., Janson and van Schaik, 1993; Carrier, 1996). However, juvenile primates have less locomotor stamina and
agility than adults (reviewed in Hurov, 1991; Carrier,
1996). This lack of stamina comes from smaller energy
reserves, coupled with a higher basal metabolic rate (due
to growth) (Calder, 1988; Carrier, 1996). Their lack of
agility is due to the interplay between the central nervous system and muscular coordination. Although the
neurological infrastructure for coordinated movements is
in place early in development (i.e., central pattern generators), young animals must develop a familiarity with
neuromuscular control (Bekoff and Byers, 1981; Bekoff,
1988; Hurov, 1991; Carrier, 1996). Carrier (1996, p. 479)
makes the point that in a growing animal, proprioceptive
ability is compromised as different body parts (e.g., tips
of the toes) shift positions relative to the rest of the body
during development. In addition, changing body proportions result in different motor output from muscles during growth; these differences in motor output can result
in ‘‘a conﬂict between the process of growth and the
effective integration of sensory perception, neural muscular control, and motor output.’’ The lack of integration
accounts for the widespread phenomenon of juvenile
clumsiness, as witnessed in a variety of primates (Grand,
1981; Carrier, 1996; Workman and Covert, 2005). Additionally, juvenile animals must accommodate growthrelated changes in bone mass (and composition) vs. muscle force (Keller et al., 1985; Hurov, 1991). As Hurov
(1991) points out, the mass of the skeleton will increase
as a cube of linear dimension, while muscle force will
increase as a square of linear dimension; in this case,
some sort of compensatory muscle growth must occur to
maintain functional equivalence during ontogeny. All of
these growth-related processes impinge on the proprioceptive abilities of young animals (Carrier, 1996). In this
light, any morphological adaptation that enables young
sifakas to securely move between substrates would be
beneﬁcial. I suggest that a larger span between the hallux and lateral digits qualiﬁes as a beneﬁcial feature
that aids in safe landing. This suggestion is supported
by the pattern of strong negative allometry in the foot,
by similarities in substrate use and positional behavior
between yearlings and adult sifakas, and by patterns of
inheritance and selection acting on foot length.

Heritability and selection on hands and feet
A widely known equation from quantitative genetics
states that the amount of change in the mean value of a
phenotypic trait (z) is proportional to the additive
genetic variance in that trait (VA) multiplied by the
strength of selection (dw/dz) (w is mean ﬁtness) (Lande,
1976):
Dz ¼ VA =w  dw=dz

ð2Þ

In Equation 2, the dynamics of phenotypic evolution are
governed by two terms: the additive genetic variance of
the trait (i.e., the number of alleles segregating in the
population that cause offspring to look like their
parents), and the degree of covariation between ﬁtness
and phenotype. When VA goes to zero, the average value
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of the trait will not change independent of the amount
of selection it experiences. An implication of Equation 2
is that traits experiencing selection will have lower
amounts of additive genetic variance than traits not experiencing selection (Fisher, 1930; Robertson, 1966; Charlesworth, 1987). Because heritability is proportional to
additive genetic variance, low heritability usually indicates the presence of past selection pressures (Roff,
1997).
The idea that traits closely associated with ﬁtness
should have low heritabilities was predicted by Fisher
(1930), yet broad interspeciﬁc tests of this hypothesis did
not appear until much later (e.g., Mousseau and Roff,
1987). In general, the prediction is borne out. Traits
more closely associated with ﬁtness (e.g., life-history
traits) have lower heritabilities (Charlesworth, 1987;
Roff, 1997; Kruuk et al., 2000). In sifakas, the foot has
the lowest heritability of all limb elements. In principle,
this low value could reﬂect the action of past selection
pressures; however, there are complications with this
viewpoint (e.g., Riska, 1989; Price and Schluter, 1991;
Houle, 1992, 1998). Heritability is the ratio of additive
genetic variance and phenotypic variance. Therefore, a
low heritability value results from either decreasing
the numerator or increasing the denominator. Because
heritability can be deﬁned as VA/VP, where VP ¼ VA þ
VENVIRONMENT þ VDOMINANCE þ VMUTATION, traits with
a lot of mutational input (which likely include limb elements; Wilkins, 2001) or environmental variation have
lower heritabilities (Houle, 1998). Similarly, if one trait
(trait x) is a function of another trait (trait y) (e.g., fertility is a function of body size), this will result in a lower
heritability for trait x because environmental variation
inﬂuences both trait x as well as the trait to which it is
linked (Price and Schluter, 1991).
Nevertheless, both empirical and theoretical studies
ﬁnal a negative correlation between heritability and ﬁtness (e.g., Charlesworth, 1987; Mousseau and Roff, 1987;
Roff, 1997; Kruuk et al., 2000), and foot length in this
study has a low heritability. Without detailed information on the genetic architecture of this trait, it is difﬁcult
to determine how much of a trait’s heritability value can
be ascribed to nonadditive effects such as maternal environment, and how much can be ascribed to selection.
Limb allometries are set prenatally in Propithecus
(Ravosa et al., 1993), suggesting that only maternal
effects pertaining to gestation could contribute to nonadditive trait variation. In the absence of more detailed
studies, I interpret low heritabilities as partially reﬂecting the action of past selection pressures. The heritability of the foot is the lowest among postcranial elements;
therefore, this trait likely experienced the strongest
selection pressures. This interpretation is also consonant
with the ﬁndings of Ravosa et al. (1993). In a comparative study of growth in three sifaka species, they found
that hindfoot length is relatively large and deviates from
ontogenetic scaling among species. They suggest that
this deviation is due to selection for compatibility
between grasping ability and substrate size. Other studies
of limb-element heritabilities show a similar pattern: lower
values were generally found in the extremities (e.g., Cheverud and Dittus, 1992; Hallgrimsson et al., 2002), suggesting the action of past selection.
The standardized directional selection gradient acting
on the foot is 0.119. If we assume that this trait is perfectly heritable and genetically uncorrelated with other
traits, then the trait will change 11.9 standard deviation

units in 100 generations. Another way to think about a
selection gradient of 0.119 is to note that relative ﬁtness
will increase by 11.9% for every one increase in the
trait’s standard deviation (Conner, 2001; Hersch and
Phillips, 2004). It is important to keep in mind that I analyzed selection during the part of the life cycle in which
I expected selection to act most strongly on hands and
feet. Selection pressures on hands and feet are substantially weaker on adult animals past age 8 years (R. Lawler, unpublished data). A variety of factors will ensure
that foot size will not continue to increase across generations. These include genetic correlations among traits,
biomechanical constraints (e.g., large relative foot size
could inhibit other aspects of locomotion), and the fact
that selection may be partially acting on environmental,
nonheritable variation (Rausher, 1992; Kruuk et al.,
2001; Merila et al., 2001).
Why doesn’t selection act as strongly on the hand visà-vis the foot in sifakas? It is possible that selection
pressures acting on hands are strongest during the period of infant dependency when the sifaka infant’s hands
and feet play an equal role in securing it to its mother. A
sifaka newborn is capable of clinging to its mother independently as she leaps between substrates (Jolly, 1966;
Richard, 1978). Substantial acceleration forces are generated during leaping (Demes et al., 1995), and occasionally such movements jar the infant from the mother
(Richard, 2003). Infant mortality is unusually high during the ﬁrst year of life in sifakas (Richard et al., 2002;
Richard, 2003), and the causes of mortality include lactational failure, hypothermia, and falls (Jolly, 1966; Richard, 1976, 1978, 2003). Such falls (if they occur because
of poor grasping ability) could exert strong selection
pressure on newborn grasping capabilities and strength.
Upon reaching locomotor independence, however, selection pressures on hands should diminish, given the fact
that hands are mostly used for stabilization and balance,
and do not generate propulsive forces or serve as the primary element of contact during locomotion (Demes
et al., 1996). Raichlen (2005; see also Grand, 1981; Ravosa et al., 1993) noted that selection pressures for secure
grasping could account for the pattern of distally distributed limb mass seen in young baboons and macaques. In
this interpretation, infants are born with larger distal
limb masses and extremities, so that they can use the
deep ﬂexors surrounding their epipodials for secure
grasping. If selection acts strongly on hands and feet
prior to achieving locomotor independence, this hypothesis would help explain the near-universal pattern of negative allometry of hands and feet in primates, and would
also explain why heritability values for these organs are
low in primates (e.g., Hallgrimsson et al., 2002). This
suggests a hypothesis about the relative roles of selection pressures acting on hands and feet in species using
forelimb-suspensory vs. hindlimb-leaping behaviors: in
both species, directional selection gradients acting on
hands and feet should be of equal magnitude during the
period of infant dependency (assuming that the infant
uses both hands and feet to cling to its mother); however, upon reaching locomotor independence, selection
pressures acting on the hands in forelimb-suspensory
primates should remain strong, and those acting on the
foot should diminish, while the opposite pattern should
manifest in hindlimb-leaping species. One complication
to this hypothesis is that hand morphology can also be
shaped by selection for manipulative grasping during
foraging, and not selected speciﬁcally for movement (e.g.,
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Lemelin, 1996; Lemelin and Grafton, 1998; Bicca-Marques, 1999).

CONCLUSIONS AND IMPLICATIONS
I provide three pieces of evidence that, when taken together, suggest an adaptive basis for the negative allometry of the sifaka foot: 1) the positional behavior data
offer a functional explanation for growth allometry,
whereby yearling animals can use their relatively larger
feet to traverse similar-sized substrates as adults; 2) heritability values calculated for limb elements indicate that
foot length experiences strong selection; and 3) directional selection coefﬁcients reveal that animals with relatively larger feet have a higher relative survivorship.
However, an obvious problem with these arguments is
that they can be applied to almost every primate. After
all, negative allometric growth of the extremities is
found across many primate species. Very often, such
widespread interspeciﬁc allometric patterns are viewed
as ‘‘primitive developmental pathways,’’ and thus implicitly serve no immediate functional or adaptive purpose
(e.g., Gould, 1978; Lammers and German, 2002). I would
argue that if one can show that such allometric patterns
are under selective pressures, then such patterns can be
viewed as adaptive, independent of their commonality
(Reeve and Sherman, 1993). Thus, like others, I ﬁnd that
allometric relationships are not an explanation of animal
morphology, but rather a description of phenotypic associations that require causal explanation (e.g., Jungers,
1984; Fleagle, 1985). This view requires that we deﬁne
adaptation with respect to ‘‘phenotype existence’’ (Reeve
and Sherman, 1993), and dispenses with the idea that
widespread, clade-speciﬁc traits do not constitute adaptations in individual populations (e.g., Coddington, 1988;
Harvey and Pagel, 1991).
Explanations for the evolution of diagnostic primate
traits are largely sought within an adaptive context
(e.g., Le Gros Clark, 1959; Cartmill, 1974; Martin, 1990;
Sussman, 1991; Crompton, 1995). In particular, primates
are characterized by prehensile hands and feet as well
as a high degree of orbital convergence (Martin, 1990).
In the context of the negative growth allometry of hands
and feet, I speculate that early in primate evolution,
there was strong selective pressure on hands and feet in
infants and juveniles to increase and enhance their
grasping ability. Theory suggests that such selection
pressures will lead to canalization of clade-speciﬁc allometries. In this scenario, ‘‘. . . character complexes which
serve a common function tend to evolve together’’ (Wagner,
1996, p. 42). This scenario explains the prevalence of negative allometric growth of the hands and feet in numerous
primate taxa. However, the above results also indicate that
selection is the force responsible for maintaining allometric patterns in wild populations. In fact, studies that
speciﬁcally explore the evolution of allometry ﬁnd that
selection is the predominant force maintaining allometric relationships (e.g., Emlen, 1996; Frankino et al.,
2004). Given the results above, I suggest that selection
continues to play a role in preserving negative allometric
growth of the hands and feet across numerous primate
taxa. This suggestion (whether correct or not) speciﬁes a
testable framework for investigating the adaptive basis
of allometric relationships in the primate order by merging ontogenetic and quantitative genetic data sets.
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