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Abstract In this chapter, we use field-behavioral, morphometric, and laboratory-
based data to demonstrate complex links among morphology, performance, and 
fitness. Although Propithecus verreauxi become “ecological adults” at a very 
young age, skeletal growth of Propithecus is slow. This incongruity creates a 
challenge for a small, developing animal to move efficiently when traveling along 
the same pathways with larger adults. To explore the effects of this disparity, we 
quantified the relationships among postcranial morphology, behavior, and fitness 
in an ontogenetic sample of wild Propithecus and subsequently tested functional 
relationships in the laboratory. Juvenile Propithecus exhibit growth allometries and 
functional changes in locomotion related to decreasing emphasis on pedal grasp-
ing and increasing emphasis on thigh-powered leaping. Whereas adult Propithecus 
use their long, muscular thigh and leg segments to increase leaping distance and 
reduce collisional costs during galloping on the ground, juvenile Propithecus 
increase angular excursions and acceleration and use a hopping gait on the ground 
that reduces the number of collisions. We show how this juvenile locomotor strat-
egy and other aspects of the “locomotor phenotype” are associated with fitness. 
Understanding how variation in morphology influences variation in performance 
throughout ontogeny and the consequences of these associations on fitness should 
be a major focus of both field and laboratory studies.
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Introduction

The quest to understand the patterns and processes of biological adaptation has formed 
the basis of much of modern evolutionary biology. Bock and von Wahlert (1965; Bock 
1965) defined an evolutionary adaptation as a form-function complex whose “biological 
role” interacts with some selective forces. They recognized that energy conservation 
is one important aspect of performance (their effective  fulfillment of biological role) 
and survivability. Nevertheless, studies of adaptation, especially in primates, tend to focus 
on design (form-function complex), performance, or selection rather than the integration 
of all three aspects of adaptation. Arnold (1983) formalized the ideas of Bock and von 
Wahlert (1965) and others and provided a framework to connect morphological design 
and fitness. He argued that because variation in morphology could be associated with 
variation in fitness through the critical intermediate variable, performance, one could 
measure the effect of a trait on some aspect of performance (the “performance gradient”) 
and one could measure the effect of performance on fitness (the “fitness gradient”). 
Similar to the theme of this current volume, Arnold (1983) argued for the  integration of 
laboratory and field studies; specifically, aspects of performance can best be measured in 
the laboratory, while aspects of fitness can best be measured in the field. Here, we apply 
the morphology-performance-fitness framework to  locomotion in Propithecus verreauxi, 
the sifaka, but we do so from an ontogenetic perspective to provide a more compre-
hensive understanding and test of these relationships throughout an animal’s life.

from an evolutionary perspective, organisms are life cycles (Rice 2002). Life 
cycles encapsulate the biologically important stages of a particular species. Selection 
is expected to construct organisms that maximize fitness at every stage in the life 
cycle, recognizing that both constraints and trade-offs will operate within and among 
stages (Stearns 1992). Individual animals flow through the life cycle with different 
propensities for survival, growth, and reproduction. As such, fitness is measured as 
one turn in the life cycle (fig. 8.1) and it measures the average reproductive success 
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Fig. 8.1 Life cycle of a typical primate. Because fitness is measured as one complete turn in the 
life cycle, it is important to document patterns of selection acting on developmental stages 
throughout ontogeny
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and/or population growth rate of the species in question. Given that fitness is 
measured across the life cycle, focusing only on one stage in the life cycle, such as 
adults, misses much of the evolutionary picture because each stage in the life cycle 
might have its own set of unique ecological demands and selection pressures.

When compared to other mammals, the primate life cycle is characterized by a 
substantially longer juvenile stage (Harvey and Clutton-Brock 1985; Pereira and 
fairbanks 1993). Numerous theories have been proposed concerning the role of the 
extended juvenile period in primates as well as the risks associated with it (Poirier and 
Smith 1974; Clutton-Brock and Harvey 1979; Martin 1981, 1985; Janson and Van 
Schaik 1993; Joffe 1997; Deaner and Platt 2003; Leigh 2004; Walker et al. 2006). 
Although considerable work has addressed the evolutionary causes and consequences 
of the extended juvenile period on diet and foraging in primates, comparatively little 
work has considered the evolutionary causes and consequences for locomotor perfor-
mance (Vilensky and Gankiewicz 1989; Dunbar and Badam 2000; Raichlen 2005a, b, 
2006; Workman and Covert 2005; Herrel and Gibb 2006; Lawler 2006; Shapiro and 
Raichlen 2006). Compared to studies of adult animals, only a handful of locomotor field 
studies have explicitly sought to examine the ontogenetic bases of primate movement 
(Doran 1992, 1997; Wells and Turnquist 2001; Workman and Covert 2005; Lawler 2006).

Juvenile primates have to navigate the same ecological and social environment 
as adults, including keeping up with the social group, accessing food resources, and 
escaping predators. Yet, juveniles are less experienced with the environment in 
which they are moving, and they are also likely constrained by development of 
neuromuscular control of balance and locomotion, ongoing differentiation of tis-
sues, and smaller overall body size (Hurov 1991; Carrier 1996; Wells and Turnquist 
2001; Main and Biewener 2006, 2007). The juvenile period, therefore, is a time of 
great locomotor demand and great skeletal risk; due to these factors, selection on 
juvenile locomotor performance is probably very strong (Carrier 1996; Le Galliard 
et al. 2004). This effect is likely to be particularly enhanced in primates with a rela-
tively long juvenile period that inhabit a three-dimensional arboreal environment.

In this chapter, we focus on locomotor ontogeny in Propithecus verreauxi, an 
indrid primate found exclusively in Madagascar. Propithecus verreauxi are group-
living arboreal folivores that live in a highly seasonal environment in the dry and 
spiny forests of western Madagascar. The timing of dental development and wean-
ing in Propithecus are closely tied so that juveniles can take advantage of transient 
food resources (Eaglen 1985; Godfrey et al. 2004). Juvenile Propithecus cope with 
seasonal food availability by having extremely fast dental growth, allowing them to 
become “ecological adults” at a very young age (Schwartz et al. 2002; Godfrey 
et al. 2004). Propithecus are born with their deciduous teeth fully erupted and are 
completely weaned by 6 months of age (Godfrey et al. 2004). Although it is typical 
for folivorous primates to exhibit more advanced dental development at the time of 
weaning (Janson and Van Schaik 1993; Leigh 1994), Propithecus is particularly 
precocious in this aspect compared to all other primates.

Propithecus are not precocious in other aspects of their development, and the 
evolutionary explanations for this pattern are explored in Godfrey et al. (2004) and 
Ravosa et al. (1993). At the time of weaning (ca. 6 months), juvenile Propithecus 
are still quite small (fig. 8.2), and somatic growth proceeds slowly. By the time 
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juvenile Propithecus verreauxi are 8–9 months old, they are only about one-third of 
adult body mass. In fact, skeletal evidence suggests it takes 2–3 years for 
Propithecus verreauxi to approximate adult skeletal size and longer for the epiphy-
ses to fuse completely (Godfrey et al. 2004). Upon sampling a large number of 
living individuals at Beza Mahafaly, Lawler (2006) found changes in body mass did 
not level off until age 8 in Propithecus verreauxi verreauxi. Indrids, in general, 
grow considerably more slowly than lemurids of similar body mass, yet indrids 
have considerably faster dental development. Juvenile Propithecus, therefore, must 
fulfill “adult-like” behaviors regarding group movements and foraging, but they do 
so with juvenile skeletal proportions and small body mass.

Fig. 8.2 Adult female Propithecus verreauxi coquereli and a juvenile, six-months old. 
Propithecus manifest precocious dental development but their somatic and postcranial develop-
ment is comparatively slow
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Given their slow somatic development, Propithecus are ideal for studying the 
consequences of small body size on juvenile locomotion. Not only are they under 
pressure to perform in a manner similar to adults relatively early in their life cycle, but 
their growth to adult size is postponed to relatively late in their life cycle. Moreover, 
their primary forms of locomotion (leaping, bipedal galloping) are associated with 
high potential joint loads, high energetic expense, and high risks of suboptimal perfor-
mance. Juvenile Propithecus follow adults during travel, often leaping on the same 
sequence of substrates (Wunderlich and Lawler, unpublished data), and juveniles risk 
injury or death if they do not land on the substrate or keep up with the group. Both 
juveniles and adults use bipedalism on the ground. Bipedalism comprises 7–12% of 
the locomotor repertoire of wild Propithecus verreauxi verreauxi (Wunderlich and 
Lawler, unpublished data) and 13–26% of locomotor bouts in captive Propithecus 
verreauxi coquereli (Williams 2007). Bipedalism, although not intended to be a model 
for leaping, is kinematically similar to leaping in that it involves high hip and knee 
angular excursions, and stride length is facilitated by long hind limbs that allow long 
accelerations times. Whereas leaping distance is determined by the distance between 
trees, bipedal stride length can be more variable because of the substrate continuity and 
may therefore offer more opportunities for gait variations. Here we examine postcra-
nial growth and locomotor dynamics in juvenile and adult Propithecus to ask how 
these ecologically precocious, yet postcranially small, individuals function such that 
they can keep up with adults. We then examine how postcranial traits associated with 
their habitual forms of locomotion affect fitness.

We measure performance variables using 1) ontogenetic data on limb growth in 
wild and captive Propithecus, 2) experimental data on kinematics and kinetics of 
locomotion in juvenile and adult Propithecus, and 3) field and captive behavioral 
data on juvenile and adult Propithecus. We measure fitness by merging genetic and 
demographic data with phenotypic measurements. In this way, selection can be 
measured in two stages: the relationship between the phenotype and performance 
and the effect of performance on fitness.

Methods

We draw from the morphology-performance-fitness framework to examine the 
locomotor behavior of Propithecus verreauxi. first, we examine aspects of postcra-
nial morphology in wild and captive Propithecus. Ontogenetic series of limb mea-
surements were taken on Propithecus verreauxi verreauxi at Beza Mahafaly reserve 
in southwest Madagascar and Propithecus verreauxi coquereli at the Duke 
University Lemur Center (fig. 8.3a). Methods for measuring Propithecus are 
described in detail in Lawler (2006) and summarized in Table 8.1. field measure-
ments were taken at 1 year of age because of the limitations of capturing young 
animals. We measured a cross-sectional sample of 443 (103 resampled) Propithecus 
verreauxi verreauxi between the ages of 1 year and 30 years in the field. The use of 
captive individuals allows us to extend our growth series into the range between 
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birth and 1 year of age. We measured six captive Propithecus verreauxi coquereli 
every 2 weeks for the first 6 months, every month for the second 6–9 months, and 
every 3 months in the second year. Because these two data sets are on two different 
subspecies of Propithecus verreauxi and because captive individuals tend to have 
higher absolute growth rates, we present each set of data separately. We performed 
reduced major axis (RMA) regressions on log-transformed data in JMP 7.0 (SAS 
Institute, Cary, NC). We used RMA because there is error associated with the data 
on both axes in these regressions (e.g., Martin et al. 2005). We used these analyses 
to examine patterns of allometric growth of the limbs.

We examined juvenile postcranial morphology in a functional context by examin-
ing one aspect of their locomotion, bipedalism, experimentally. Bipedalism is not 

Table 8.1 Definition of morphometric traits used in this study

Trait Description

Arm Acromion process to lateral epicondyle of humerus
forearm Lateral epicondyle of humerus to radial styloid
Hand length Base of thenar/hypothenar pad to tip of longest manual digit
Thigh Greater trochanter to lateral epicondyle of tibia
Leg Lateral epicondyle of tibia to lateral malleolus
foot length Back of calcaneus to tip of longest pedal digit
Circumferences Circumference of arm, forearm, thigh, and leg were taken at the 

midpoint of each segment
Leg shape first principal component of thigh length, tibia length and thigh 

circumference. Each linear measurement was first divided by the 
cube root of body mass for this trait

Body mass Measured in kilograms

Fig. 8.3 Examples of some of the measurements used in this study. In (a), a newborn Propithecus 
verreauxi coquereli is measured using calipers. In (b), an adult sifaka bipedally traverses a Kistler 
force-plate buried flush with the ground on a concrete slab. Both individuals reside at the Duke 
Lemur Center
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intended to be a model for leaping. Bipedalism comprises about 10% of the locomo-
tor repertoire of wild Propithecus verreauxi and more for captive individuals. It is 
therefore an important part of their locomotor repertoire. further, studying bipedal-
ism affords an opportunity to quantify kinematics and kinetics of locomotion in 
Propithecus verreauxi on a continuous substrate on which animals have more oppor-
tunities for gait variation. Methods for kinematic and kinetic analysis are described 
in detail elsewhere (Schmitt and Lemelin 2002; Kilkenny 2004; Wunderlich and 
Schaum 2007) and summarized here. We filmed subjects with lateral, frontal, and 
30° cameras (60 Hz) while galloping bipedally along a path within their seminatural 
forested enclosure. In this setting, they are not limited by space and are moving 
along a natural dirt substrate. for some of these trials, as well as a number of trials 
conducted within the subjects’ large indoor enclosure, a Kistler portable 9286A or a 
Kistler 9281B force plate was mounted on a cement block and buried along the 
runway such that it was flush with the runway (fig. 8.3b). We encouraged subjects 
to move bipedally along the pathway by removing nearby vertical supports and using 
food rewards. We digitized anatomical landmarks (head, shoulder, elbow, wrist, hip, 
knee, ankle, foot) and filtered them using Peak Performance motion analysis 
software (Peak Performance Technologies, Centennial, CO), and calculated duty 
factor, maximum/minimum joint angles, joint angular excursion, and center of mass 
(COM) movement. All three components of raw force data were imported into MS 
Excel for analysis. forces were sequentially integrated to obtain velocity and posi-
tion (Cavagna 1975; Blickhan and full 1993; Willems et al. 1995; Griffin et al. 2004; 
Bishop et al. 2008), and collisional mechanics were analyzed.

Performance measures of leaping and bipedalism used for this study include two 
primary factors: 1) distance traveled per stride (this is fixed when leaping between 
trees but not on the ground) and 2) energetic costs. The latter includes internal costs of 
each stride and collisional costs of the transition between strides. Collisional costs have 
recently been suggested to be a significant cost of locomotion (Ruina et al. 2005). A 
collision occurs when the limbs apply work to redirect the COM from generally down-
ward to generally upward. We analyzed collisional mechanics by assessing the number 
of collisions per stride, the number of footfalls per collision, and the pseudo-elasticity 
of the collisions. We calculated the latter as the angle of the COM velocity to the sub-
strate reaction resultant before and after the redirection of the COM (Ruina et al. 2005; 
Baumgartner et al., 2009).

We also assessed leaping and bipedal performance in both wild and captive 
Propithecus via behavioral measurements. We used locomotor bout sampling 
(fleagle 1976) to collect data on juvenile (only 1-year-old individuals) and adult 
(6–25 years) individuals in the wild and in captivity. Definitions of locomotor 
behaviors are presented in Table 8.2. We calculated locomotor frequencies as well 
as distances per leap for juveniles and adults.

To estimate the effect of phenotypic differences on fitness, we estimated 
fitness surfaces via a combination of genetic, demographic, and morphometric 
data. Any time that one plots variation in some fitness measurement against 
variation in some trait, the function that unites these two variables is called a 
fitness function; when two traits are plotted against a fitness measurement, the 
function becomes a surface. Any  number of regression techniques can be used to 
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calculate the fitness function, including linear regression, polynomial regression, 
or any number of nonlinear techniques. We generated fitness surfaces by fitting a 
nonlinear neural network model to pairs of traits as well as a fitness measure-
ment. Neural networks, like splines (Schluter 1988), provide a means to visualize 
the “basic shape” of the relationship between fitness and phenotypes. The shape 
of the fitness surface, in turn, can reveal what types of selection are acting on the 
traits in the analysis, e.g., a sloped surface often indicates directional selection, a 
hump-shaped surface indicates stabilizing selection, etc. These types of visualiza-
tion techniques do not make any a priori assumptions about the form of the fit-
ness surface but are a powerful method for providing an overall “picture” of 
which combinations of trait values confer the highest fitness (Schluter 1988; 
Schluter and Nychka 1994). We present two fitness surfaces. One surface reveals 
the relationship among hand length, foot length, and survival from age 1 to age 
8. Survival data come from extensive field censusing collected on the Beza 
Mahafaly sifaka population (Richard et al. 2002). Both hand and foot length were 
corrected for age, using a least-squares regression, with the resulting residuals 
used in the analysis. The other surface shows the relationship between body mass, 
leg shape, and male fertility. We assessed male fertility using census data in con-
junction with paternity analysis; fertility is measured as the number of offspring 
sired by a male divided by his reproductive lifespan. All males were adults, ages 
5 and older. The fitness surfaces shown here are based on the statistically signifi-
cant multivariate selection coefficients (Lande and Arnold 1983) that capture the 
relationship between some measure of fitness, i.e. survival or male fertility, and 
trait values. We analyzed several traits for their association with fitness; we pres-
ent only fitness surfaces for traits found to be under strong selection (strong 
selection means the traits have significant p-values as measured via multivariate 
regression, and the fitness surface for these traits has a distinct, nonlinear shape). 
further details of this methodology can be found in Lawler et al. (2005) and 
Lawler (2006).

Results and Discussion

Phenotype

In general, femur length exhibits strong positive allometry during the first year 
of life and grows isometrically in later years. figure 8.4a illustrates the results 
of longitudinal growth measurements of six Propithecus verreauxi coquereli 

Table 8.2 Descriptions of locomotor behaviors used in this study

Leap: a Thigh-propelled, long-distance jump between vertical or oblique substrates. During take-
off and landing the body is generally in an orthograde position (also see Demes et al., 1996)

Bipedal: Movement using hind limbs only along a continuous substrate (usually the ground)
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from the Duke University Lemur Center. These data are from a longitudinal 
sample of individuals 2 weeks to just over 1 year of age. The data from wild 
Propithecus verreauxi verreauxi represent a cross-sectional sample of individu-
als ages 1 year to 30 years (fig. 8.4b). Tibia length, hand length, and foot length 
exhibit slight positive allometry during the first year of life, but hand and 
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Fig. 8.4 Bivariate plots of limb segment lengths against body mass. In (a), the data come from 
captive Propithecus verreauxi coquereli ranging in age from 2 weeks to 18 months. During this 
time period, femur length exhibits strong positive allometry. In (b), the data come from wild P. v. 
verreauxi ranging in age from 1 year to 30 years old. During this time period, hand and foot length 
exhibit strong negative allometry
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foot length exhibit negative allometry after year 1. Arm length exhibits slight 
positive allometry throughout ontogeny, while forearm length consistently 
grows isometrically.

The morphological characteristics of juveniles in comparison with adults can 
be summarized as relatively shorter thigh segments and relatively longer hand 
and foot segments in younger individuals. The thigh segment grows rapidly dur-
ing the first year of life as young individuals begin independent locomotion, 
resulting in the strong positive allometry observed in thigh length. The hands 
and especially feet grow fast during the first year of life, such that they are rela-
tively longer in yearlings compared to adults, resulting in negative allometry 
after year 1.

Function

These morphological data have behavioral and kinematic correlates. foot 
length influences locomotor performance because foot length correlates posi-
tively with the span between the first and second digits. The space between 
these digits is used to grasp a branch during leaping and as a “catch-point” 
when landing from a leap (fig. 8.5; Gebo 1985; Demes et al. 1996). During 
bipedal galloping, Propithecus use the span of their foot to produce a foot roll-
over from lateral to medial on the trail foot and medial to lateral on the lead 
foot. This may reduce the work of step-to-step transitions in much the same 
way as the rollover process in humans (Adamczyk 2006). The larger hand and 
foot spans can also enhance the grasping capabilities of young Propithecus 
(Lawler 2006) and may contribute to propulsive power during bipedal hopping. 
Longer feet also require higher foot clearance during terrestrial locomotion, 
and we demonstrate that kinematic differences in juveniles may accommodate 
these differences.

Although we present only kinematic and kinetic data on bipedalism here, 
sifaka bipedalism is kinematically similar to leaping in that it involves high hip 
angular excursions. Adult Propithecus use a unique form of bipedal galloping 
locomotion in which trail and lead limbs are sequenced, and the trunk is posi-
tioned 30° to the direction of travel (fig. 8.6a). Juvenile Propithecus, however, 
use a bipedal hop on the ground (fig. 8.6b). If we compare juvenile hopping to 
adult bipedal galloping, hopping strides tend to be longer and reach greater 
heights, ensuring foot clearance during the aerial phase as well as fewer contacts 
per distance traveled. Hopping strides involve much greater hip and knee angular 
excursions and much higher hip angular acceleration (Table 8.3, fig. 8.7). 
Hopping may allow the use of two limbs to produce power in the absence of the 
increased time for acceleration afforded by the longer thighs of adults (see 
below); however, they have to produce higher peak vertical forces and greater 
impulse to accomplish the long and high bipedal hop.
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Fig. 8.5 Photo showing how the span between the first and second digit on the foot plays a key 
role in grasping substrates as well as landing on vertical substrates. The span between the digits 
is relatively large in yearling sifaka

Fig. 8.6 frame captures from video data. In (a), an adult Propithecus verreauxi coquereli is 
engaging in bipedal galloping. In (b), a juvenile P. v. coquereli is engaging in bipedal hopping
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Performance

We evaluated locomotor performance based on stride length (leaping and bipedal-
ism) and collisional energy loss (bipedalism). Wild and captive behavior studies 
indicate that leaping distance is similar in juveniles and adults (Table 8.3), but 
bipedal stride length is greater in juveniles than in adults. Propithecus tend to travel 
by following one another on the same substrates, so juveniles have to accomplish a 
similar level of leaping performance or choose another (“untested” and hence 
potentially riskier) route. Small-bodied adult prosimians use kinematically different 
leaping styles than larger-bodied prosimians (Demes et al. 1996) and sacrifice ener-
getic efficiency by taking off at less-than-optimal angles to attain higher horizontal 
speeds (Crompton et al. 1993; Warren and Crompton 1998). Juveniles too have less 
time to accelerate because of their relatively shorter limbs, yet they have greater 
muscular cross-sectional area relative to body mass with which to produce greater 
force. We still do not know whether juvenile prosimians exhibit a leaping style that 
is kinematically different from adults or if juveniles simply leap with greater ener-
getic cost. On the ground, however, hopping juveniles tend to take fewer, longer 
strides than galloping adults (Table 8.3). While this may increase the internal costs 
of the stride, it results in fewer collisions.

Baumgartner et al. (2009) demonstrate that galloping reduces costs of 
re-directing the COM. While galloping, Propithecus use pseudoelastic collisions, 
that is, the angle of the incoming (pre-collision) and outgoing (post-collision) 
velocity vectors are close to orthogonal (fig. 8.8). Pseudo-elastic collisions, even 
without elastic recovery, reduce energetic costs by one-quarter relative to a purely 
absorbing collision (Ruina et al. 2005). Galloping also allows Propithecus to dis-
tribute each collision over two limb contacts and over the horizontal distance 
between them, again reducing the energetic expense of the collision (fig. 8.8). 
Juvenile hopping does not distribute the collision over two limb contacts, resulting 
in greater costs for redirecting their COM (Ruina et al. 2005). It is unknown 
whether their larger joint excursions are indicative of storage and recovery of 
elastic energy.

Table 8.3 Kinematic and performance data for juvenile and adult P.v.coquereli

Variable Juveniles Adults

Hip Angular Excursion (degrees) 109 76
Knee Angular Excursion (degrees) 94 52
Stride Duration – Bipedalism (seconds) 0.67 0.74
Duty factor – Bipedalism 0.31 0.44
Average distance per leap (meters) 1.34 1.28
Average number of strides or hops per bipedal series 1.8 3.5
Average distance traveled per bipedal series (meters) 1.6 2.4
Average length of bipedal stride or hop (meters) 0.9 0.7
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Fitness

Though some performance variables are best measured in the lab, estimating fitness 
and selection is probably best done using field data from a single population. This is 
because the unit of evolution is the population, and estimating the evolutionary conse-
quences of variation in fitness requires large-sample data on individuals with known 
fates, phenotype, and kinship. Selection is a key component of the adaptive process, 
and it can be defined as the covariance between some aspect of fitness and some aspect 
of phenotype (Rice 2004). When selection acts on heritable traits, the distribution of 
the trait will change across generations and the population will  adaptively evolve.

Using data from a long-term field study of wild Propithecus, we were able to 
estimate selection by collecting phenotypic measurements from individuals  captured 
and released in the wild. In addition, we were able to estimate aspects of fitness using 
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Fig. 8.7 Joint angles of hip and knee during a representative bipedal stride for (a) juveniles and 
(b) adults. Juveniles manifest larger joint angles during bipedal hopping relative to adult  galloping
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information on the survival and reproduction of individual  subjects. As mentioned 
previously, the fitness surfaces are generated by  examining patterns of selection acting 
on postcranial traits. Three-dimensional fitness surfaces reveal the relationship 
between postcranial traits and their  relationship with either survival or reproduction 
(figs. 8.9, 8.10). One of the fitness surfaces we present (fig. 8.10) does not concern 
ontogeny, per se, but we discuss it in the general framework of measuring selection in 
wild primate populations.

The fitness surface in fig. 8.9 reveals the relationship between foot length and 
survivorship. This surface was generated by looking at all individuals that either 
survived past the age of 8 or died before this age. foot length, but not hand 
length, shows a positive relationship with survivorship, indicating the action of 
positive directional selection. Individuals continue to gain body mass up until the 
age of 8, thus this surface reveals how foot length contributes to survival during 

Fig. 8.8 (a) Center of mass (COM) and (b) vertical velocity plotted over time for a representative 
bipedal stride in Propithecus verreauxi coquereli. These individuals exhibit only one collision per 
stride, i.e., one change in direction of COM path, and one point per stride where vertical velocity 
shifts from negative to positive
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a time when young individuals are still gaining body mass. The functional basis 
for this relationship was described earlier. foot length increases grasping span 
and therefore  provides a large “catch-point” when landing from leaps (Gebo 
1985; Demes et al. 1996) and presumably during bipedalism. Propithecus achieve 
 locomotor independence around 6 months but they must develop locomotor 
 coordination throughout early ontogeny when their limbs and neuromuscular 
systems are still developing. Larger feet enable young Propithecus to grasp safely 
as well as leap between vertical substrates during the period of locomotor 
 coordination (Lawler 2006). Large feet may also  contribute to propulsion during 
bipedal hopping, although our data cannot speak to relative power generation 
across joints at this point. Our data reveal that young Propithecus have relatively 
large hands and feet, and we argue that this pattern is actively maintained by 
 selection to allow Propithecus, particularly young Propithecus, to navigate safely 
between vertical substrates. However, relatively larger foot size may necessitate 
higher clearance during terrestrial locomotion, and the kinematically different 
bipedalism of young Propithecus affords this clearance. These data show how 
variation in morphology, specifically foot length, is associated with variation in 
fitness, in this case survivorship.

A fitness surface examining the relationship between male fertility, body 
mass, and leg shape illuminates the pattern of selection on male body mass and 
leg shape (fig. 8.10). Selection favors a particular combination of traits with 
respect to successful reproduction. During the mating season, male Propithecus 
compete with each other for access to females. Mating competition takes on 
two primary forms: contact aggression and arboreal chases. The total pattern of 
selection acting on males suggests that traits related to locomotor contests, not 
aggression, are key determinants of fitness. Directional selection was not found 
to be operating on body mass or canine size (Lawler et al. 2005). Instead, traits 
pertaining to arboreal movement are under selection. Stabilizing selection acts 
on adult male body mass, favoring males that are not too large or too small, 
while directional selection acts on leg shape, favoring adult males with long 
legs and muscular thighs. Leg shape encapsulates limb length and thigh circum-
ference and therefore muscle volume. Longer limbs can be used to accelerate 
for longer periods, thereby generating longer leaps. Thigh circumference repre-
sents cross-sectional area of the quadriceps femoris and hamstring muscle 
groups, major muscle groups used by Propithecus for leaping (Demes et al. 
1998). Larger “thighed” males can generate more muscle force, and potentially 
more power, than smaller males. Thus successful males can use their strong, 
long legs and “streamlined” body mass to out-maneuver and/or out-last their 
sexual rivals during the mating season, ultimately leading to increased repro-
ductive success. In this regard, intermediate body mass and leg shape are sexu-
ally selected traits (Lawler et al. 2005). This last set of results calls attention to 
an understudied area within locomotor studies: sexual selection. Within the 
context of sexual selection, locomotor traits pertaining to agility, maneuver-
ability, and speed should be examined with respect to their influence on mate 
acquisition and mating competition.
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Conclusions

Juvenile Propithecus exhibit growth allometries and functional changes in locomotion 
related to decreasing emphasis on manual and pedal grasping and increasing 
emphasis on thigh-powered leaping. Young Propithecus need to keep up with 
adults despite their small size, and locomotion such as vertical leaping comes with 
specific performance demands; changes in kinematics of locomotion associated 
with differences in postcranial shape are associated with performance. Whereas 
adult Propithecus use their long, muscular thigh and leg segments to increase leap-
ing distance and reduce collisional costs on the ground, juvenile Propithecus 
increase angular excursions and acceleration, presumably to produce greater force 
at take-off. Using a hopping rather than galloping bipedal gait, they reduce the 
number of collisions on the ground rather than using multiple limb contacts to 
reduce energy loss as in adults.

As we have shown, morphological features can be related to fitness in wild 
Propithecus. In juvenile Propithecus, foot length experiences directional selection 
and ensures that the span between the first and second digit is large; this span 
 facilitates grasping, leaping, and landing in growing Propithecus and may influence 
energy savings and propulsive power during bipedal hopping. In addition, 
 directional selection targets leg shape in adult male Propithecus. These males also 
experience stabilizing selection on body mass. These traits are likely related to 
arboreal mating competition and indicate that locomotor contests rather than fight-
ing are key determinants to male reproductive success. Although our field and lab 
analyses have, at times, focused on different behaviors, we have linked particular 
traits in growing Propithecus to performance and functional parameters and we 
have also ascertained their influence on fitness.

future analyses need to examine more thoroughly the relationships among 
morphology, function and performance. These include the forces produced during 
locomotion, ontogenetic differences in leaping kinematics and kinetics, and the 
energetic consequences of juvenile design. The results of this study emphasize that 
both field and laboratory studies should design experiments that measure aspects 
of performance in order to link morphological variation to variation in fitness. 
field primatologists often take a “standardized” set of morphometric measure-
ments on wild animals (e.g., Richard et al. 2002; Kappeler and Schaffler 2008) in 
order to provide a “snapshot” of information on growth, size, health, and mass of 
each animal. However, these measurements were not initially defined with respect 
to functional or locomotor questions. To the extent that field studies include 
research on locomotion, we suggest that field primatologists move beyond collect-
ing the standard set of measurements and consider taking measurements that are 
relevant to specific functional/biomechanical concepts or hypotheses. Similarly, 
laboratory studies should continue, when possible, to include realistic aspects of 
the species ecology and environment when studying performance variables in the 
lab. Not only should these studies incorporate aspects of the structural environ-
ment, e.g., branch compliance, but they should also pay attention to field studies 
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that report locomotor differences between males and females as well as between 
age classes. Unlike field studies, laboratory studies have the power to isolate and 
analyze functional and biomechanical differences in locomotion among the bio-
logically relevant stages that characterize primate ontogeny. We argue that an 
ontogenetic perspective is needed when studying locomotion. Given that selection 
likely operates differently on different developmental stages, it is important to 
document if developmental stages are associated with changes in locomotion. 
Understanding how variation in morphology influences variation in performance 
throughout ontogeny should be a major focus of both field and laboratory studies. 
Once we understand the ontogenetic associations between performance and mor-
phology, we should strive to assess the fitness consequences of these linkages. Van 
Valen aptly observed the following: “Evolution is the control of development by 
ecology (1973: 488).” In this regard, the morphological configurations and loco-
motor behaviors we see in adult animals are ultimately the products of  selection 
acting throughout the life cycle.

Acknowledgments Many thanks to Evie Vereecke and Kristiaan D’Août for organizing this sym-
posium and volume and for inviting us to participate. Thank you also to Daniel Schmitt for useful 
comments on the manuscript and for presenting the talk upon which this manuscript is based. 
Various aspects of this project were supported by the Jeffress Memorial Trust, Sigma Xi, Yale 
University, Boston University and the National Science foundation (DEB-9902146, DEB-0531988). 
We thank the Government of Madagascar and the Duke University Lemur Center for permission to 
conduct this research. Thank you to Alison Richard, Robert Dewar, Marion Schwartz, Joel 
Ratsirarson, Jeannin Ranaivonasy, Jacky Yousseff, Enafa, Elahavelo, Emady Rigobert, and Ellis 
Edidy for assisting with various aspects of data collection in the field. Thank you also to Sarah Zehr, 
David Brewer, and Tracy Kivell for facilitating and assisting with data collection at the Duke 
University Lemur Center.

References

Adamczyk PG, Collins SH, and Kuo AD (2006). The advantages of a rolling foot in human walk-
ing. J Exp Biol 209(20):3953–3963.

Arnold SJ (1983) Morphology, performance, and fitness. Am Zool 23:347–361.
Baumgartner RE, Wunderlich RE, Schmitt D (2009) Collisional biomechanics during sifaka 

bipedalism. Proceedings of the Annual Meeting of the Society of Integrative and Comparative 
Biology P3.63.

Bishop KL, Pai AK, Schmitt D (2008) Whole body mechanics of stealthy walking in cats. PLoS 
ONE 3(11).

Blickhan R, full RJ (1993) Mechanical work in terrestrial locomotion. In: Biewener AA (ed), 
Biomechanics: Structures and Systems. Oxford University Press, New York, pp 75–96.

Bock WJ (1965) The role of adaptive mechanisms in the origin of higher levels of organization. 
Systematic Zoology 14(4):272–287.

Bock WJ, von Wahlert G (1965) Adaptation and the form-function complex. Evolution 19(3):269–299.
Carrier DR (1996) Ontogenetic limits on locomotor performance. Physiol Zool 69(3):467–488.
Cavagna GA (1975) force platforms as ergometers. J Appl Physiol 39:174–179.
Clutton-Brock TH, Harvey PH (1979) Comparison and adaptation. Proc R Soc Lond B 

205(1161):547–565.
Crompton RH, Sellers WI, Gunther MM (1993) Energetic efficiency and ecology as selective fac-

tors in the saltatory adaptation of prosimian primates. Proc R Soc Lond B 253(1339):41–45.



1538 Locomotor Ontogeny in Propithecus

Deaner RO, Platt ML (2003) Reflexive social attention in monkeys and humans. Curr Biol 
13(18):1609.

Demes B, Jungers WL, fleagle JG, Wunderlich RE, Richmond BG, Lemelin P (1996) Body 
size and leaping kinematics in Malagasy vertical clingers and leapers. J Hum Evol 
31:385–399.

Demes B, fleagle JG, Lemelin P (1998) Myological correlates of prosimian leaping. J Hum Evol 
34: 385–399.

Doran DM (1992) The ontogeny of chimpanzee and pygmy chimpanzee locomotor behavior: a 
case study of paedomorphism and its behavioral correlates. J Hum Evol 23(2):139–157.

Doran DM (1997) Ontogeny of locomotion in mountain gorillas and chimpanzees. J Hum Evol 
32: 323–344.

Dunbar DC, Badam GL (2000) Locomotion and posture during terminal branch feeding. Int J 
Primatol 21(4):649.

Eaglen RH (1985) Behavioral correlates of tooth eruption in Madagascar lemurs. Am J Phys 
Anthropol 66:307–315.

fleagle JG (1976) Locomotion and posture of Malayan siamang and implications for hominoid 
evolution. folia Primatol 26(4):245–269.

Gebo DL (1985) The nature of the primate grasping foot. Am J Phys Anthropol 67:269–277.
Godfrey LR, Samonds KE, Jungers WL, Sutherland MR, Irwin MT (2004) Ontogenetic Correlates 

of diet in Malagasy lemurs. Am J Phys Anthropol 123(3):250.
Griffin TM, Main RP, farley CT (2004) Biomechanics of quadrupedal walking: how do four-

legged animals achieve inverted pendulum-like movements? J Exp Biol 207(20):3545.
Harvey PH, Clutton-Brock TH (1985) Life history variation in primates. Evolution 39:559–581.
Herrel A, Gibb AC (2006) Ontogeny of performance in vertebrates. Phys Biochem Zool 79(1):1.
Hurov JR (1991) Rethinking primate locomotion: What can we learn from development? J Motor 

Behav 23:211.
Janson CH, Van Schaik CP (1993) Ecological risk aversion in juvenile primates: slow and steady 

wins the race. In: Perreira ME, fairbanks LA (eds), Juvenile Primates. Oxford University 
Press, New York, pp. 57–76.

Joffe TH (1997) Social pressures have selected for an extended juvenile period in primates. J Hum 
Evol 32(6):593.

Kappeler PM, Schaffler L (2008) The lemur syndrome unresolved: extreme male reproductive 
skew in sifakas (Propithecus verreauxi), a sexually monomorphic primate with female domi-
nance. Behav Ecol Sociobiol 62:1007–1015.

Kilkenny P (2004) Ground reaction forces during bipedalism in Propithecus verreauxi. Master’s 
thesis, James Madison University.

Lande R, Arnold SJ (1983) The measurement of selection on correlated characters. Evolution 37: 
1210–1226.

Lawler RR (2006) Sifaka positional behavior: ontogenetic and quantitative genetic approaches. 
Am J Phys Anthropol 131:261–271.

Lawler RR, Richard Af, Riley MA (2005) Intrasexual selection in Verreaux’s sifaka (Propithecus 
verreauxi verreauxi). J Hum Evol 48:259–277.

Le Galliard Jf, Clobert J, ferrière R (2004) Physical performance and darwinian fitness in lizards. 
Nature 432(7016):502–505.

Leigh SR (1994) Ontogenetic correlates of diet in anthropoid primates. Am J Phys Anthropol 
94(4):499–522.

Leigh SR (2004) Brain growth, life history, and cognition in primate and human evolution. Am J 
Primatol 62(3):139.

Main RP, Biewener AA (2006) In vivo bone strain and ontogenetic growth patterns in relation to 
life-history strategies and performance in two vertebrate taxa: goats and emu. Physiol Biochem 
Zool 79(1):57.

Main RP, Biewener AA (2007) Skeletal strain patterns and growth in the emu hindlimb during 
ontogeny. J Exp Biol 210(15):2676–2690.

Martin RD (1981) Relative brain size and basal metabolic rate in terrestrial vertebrates. Nature 
293:57–60.



154 R.E. Wunderlich et al.

Martin RD and Harvey PH (1985) Brain size allometry: ontogeny and phylogeny. In: Jungers WL 
(ed), Size and Scaling in Primate Biology. Plenum Press, New York, pp. 147–173.

Martin RD, Genoud M, Hemelrijk CK (2005) Problems of allometric scaling analysis: examples 
from mammalian reproductive biology. J Exp Biol 208:1731–1747.

Pereira ME, fairbanks LA (1993) Juvenile Primates. Oxford University Press, New York.
Poirier fE, Smith EO (1974) Socializing functions of primate play. Am Zool 14:275–287.
Raichlen DA (2005a) Effects of limb mass distribution on the ontogeny of quadrupedalism in 

infant baboons (Papio cynocephalus) and implications for the evolution of primate quadrupe-
dalism. J Hum Evol 49(4):415.

Raichlen DA (2005b) Ontogeny of limb mass distribution in infant baboons (Papio cynocephalus). 
J Hum Evol 49(4):452.

Raichlen DA (2006) Effects of limb mass distribution on mechanical power outputs during qua-
drupedalism. J Exp Biol 209(4):633.

Ravosa MJ, Meyers DM, Glander KE (1993) Relative growth of the limbs and trunk in sifakas: 
Heterochronic, ecological, and functional considerations. Am J Phys Anthropol 92(4): 499.

Rice SH (2002) Lecture on Life History Evolution. Evolutionary Biology (E&Eb 225b), Yale 
University.

Rice SH (2004) Evolutionary Theory: Mathematical and Conceptual foundations. Sinauer, 
Sunderland, MA.

Richard Af, Dewar RE, Schwartz M, Ratsirarson J (2002) Life in the slow lane? Demography and 
life histories of male and female sifaka (Propithecus verreauxi verreauxi). J Zool Lond 256: 
421–436.

Ruina A, Bertram JEA, Srinivasan M (2005) A collisional model of the energetic cost of support 
work qualitatively explains leg sequencing in walking and galloping, pseudo-elastic leg behav-
ior in running and the walk-to-run transition. J Theor Biol 237(2):170.

Schluter D (1988) Estimating the form of natural selection on a quantitative trait. Evolution 
42:849–861.

Schluter D, Nychka D (1994) Exploring fitness surfaces. Am Nat 143:597–616.
Schmitt D, Lemelin P (2002) Origins of primate locomotion: gait mechanics of the woolly opos-

sum. Am J Phys Anthropol 118(3):231–238.
Schwartz GT, Samonds KE, Godfrey LR, Jungers WL, Simons EL (2002) Dental microstructure 

and life history in subfossil Malagasy lemurs. Proc Natl Acad Sci USA 99(9):6124.
Shapiro LJ, Raichlen DA (2006) Limb proportions and the ontogeny of quadrupedal walking in 

infant baboons (Papio cynocephalus). J Zool 269(2):191.
Stearns SC (1992) The Evolution of Life Histories. Oxford University Press, Oxford.
Van Valen L (1973) festschrift. Science 180: 488.
Vilensky J, Gankiewicz E (1989) Early development of locomotor behavior in vervet monkeys. 

Am J Primatol 17:11–25.
Walker R, Burger O, Wagner J, Von Rueden CR (2006) Evolution of brain size and juvenile peri-

ods in primates. J Hum Evol 51(5):480.
Warren RD, Crompton RH (1998) Diet, body size and the energy costs of locomotion in saltatory 

primates. folia Primatol 69(S1):86–100.
Wells JP, Turnquist JE (2001) Ontogeny of locomotion in rhesus macaques (Macaca mulatta): II. 

Postural and locomotor behavior and habitat use in a free-ranging colony. Am J Phys 
Anthropol 115(1):80.

Willems PA, Cavagna GA, Heglund NC (1995) External, internal and total work in human loco-
motion. J Exp Biol 198:379–393.

Williams AE (2007) Ontogeny of locomotion in Propithecus verreauxi. Honors thesis, James 
Madison University.

Workman C, Covert HH (2005) Learning the ropes: the ontogeny of locomotion in red-shanked 
douc (Pygathrix nemaeus), Delacour’s (Trachypithecus delacouri), and Hatinh langurs 
(Trachypithecus hatinhensis) I. Positional behavior. Am J Phys Anthropol 128(2):371.

Wunderlich RE, Schaum JC (2007) Kinematics of bipedalism in Propithecus verreauxi. J Zool 
272(2).


	Chapter 8: Field and Experimental Approaches to the Study of Locomotor Ontogeny in Propithecus verreauxi
	Introduction
	Methods
	Results and Discussion
	Phenotype
	Function
	Performance
	Fitness

	Conclusions
	Acknowledgments
	References


