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Chapter 1: Locomotor development in wild sifaka (Propithecus verreauxi) 

Abstract 

Arboreal primates are typically altricial, exhibit long juvenile periods, and use dynamic 

locomotor behaviors that can be challenging and risky. Sifaka (Propithecus verreauxi) 

have particularly slow life histories for their size, with long juvenile periods, protracted 

reproductive careers, and long life spans. Slow somatic growth poses potential 

mechanical challenges for juvenile sifaka who use thigh-powered vertical clinging and 

leaping to follow group members during travel. I examined mechanical and energetic 

costs of movement in developing sifaka. I instrumented 8 wild sifaka (3 yearlings, 3 

subadults, 2 adults) in 4 social groups with inertial sensors measuring tri-axial 

acceleration for 1.5-8 weeks and collected simultaneous continuous behaviors on focal 

pairs. I quantified overall dynamic body acceleration (ODBA), frequency and magnitude 

of peak accelerations, percentage active time, leap counts, and activity budgets across age 

classes. Yearling sifaka exhibit higher and more peak accelerations than adult sifaka 

(p<0.05), though yearlings spend similar energy and are active as often as adults. With 

absolutely shorter hindlimbs, yearling sifakas need to leap more often and produce higher 

and/or more accelerations to keep up with older individuals, though the subsequent 

energetic cost seems to be modulated by an exceptionally slow somatic growth rate. 

These results suggest that locomotor performance is an important component of the 

evolution of life history patterns. 
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Introduction 

Mammal life histories reflect the ecological and evolutionary constraints to which a 

population has been subjected over time. At each stage of the life cycle, mammals are 

under distinct neurological, physiological, and mechanical constraints, all of which have 

fitness consequences. One universal tradeoff is that of energy allocation, as energy spent 

on one physiological process cannot be used for another. At the broadest scale, energy 

must often be allocated toward either survival or reproduction, with many underlying 

traits contributing to one or the other (Stearns 1989, 1992; Husak & Lailvaux 2022). 

While the energetic cost of reproduction is more obvious, examples of survival-related 

energetic costs include cellular maintenance, immune function, thermoregulation, and 

locomotion (Gray & Prince 1988; Lochmiller & Deerenberg 2000; Zera & Harshman 

2001; Nilsson et al., 2011; Husak et al. 2016). A primary tenet of life history theory states 

that these tradeoffs shape an organism’s growth, reproductive timing and investment, and 

longevity, among other parameters (Stearns 1989, 1992). 

Life histories can be described as a “fast-and-short” to “slow-and-long” continuum 

(Stearns 1992, 2000; Oli 2004). In mammals that evolved under highly unpredictable 

environmental conditions, life histories tend to fall on either extreme of the continuum. 

Mammals with a “fast-and-short” strategy fit an entire life cycle between disturbances, 

while mammals employing the “slow-and-long” strategy essentially bet-hedge by 

attempting reproduction on several separate occasions over an extended period of time 

(Stearns 2000). To better understand the evolution of a given life-history strategy, it is 

necessary to understand the physiological and mechanical constraints at each unique 

stage of the life cycle.
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Locomotion is essential to overall fitness, as most animals must move to find mates, 

locate food and other resources, and avoid predation. The energetic cost of locomotion 

comprises a substantial portion of an animal’s total daily energy expenditure (Kenagy & 

Hoyt 1989; Karasov 1992), and efficient budgeting of energy reserves is critical to 

performance and fitness (Leonard & Robertson 1997, Grémillet et al. 2018). Animals are 

tasked with ensuring sufficient energy intake from food to balance energy expenditure, 

and an imbalance in energy intake to expenditure often results in decreased performance 

or death. This suggests that maximizing energy efficiency with respect to locomotion 

confers a fitness benefit and is therefore acted upon by natural selection pressures. 

Ontogeny & life history 

Before animals are able to reproduce, they must grow and survive through juvenility, 

which comes with unique energetic challenges and selective pressures (Hurov 1991; 

Carrier 1996; Wunderlich et al. 2011). Although they must often navigate the same 

environment and evade the same predators as adults, developing animals are under 

several locomotor constraints, namely smaller body size and ongoing neuromuscular 

development (Carrier 1996; Doran 1997; Wells & Turnquist 2001; Main & Biewener 

2006, 2007). Mechanisms which may mitigate this disadvantage include scaling 

musculature with positive allometry, modifying morphology of body parts used in 

locomotion, and adapting the locomotor behaviors themselves (Demes & Günther 1989). 

The vast majority of locomotion research to date is focused on adult subjects, both 

because adults often make for more convenient subjects, and including developing 

subjects may introduce confounding variables (Hurov 1991; Carrier 1996; Lawler 2006; 
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Young & Shapiro 2018). Despite these challenges, measuring locomotor performance 

across the life cycle may elucidate constraints unique to certain life stages, and offers a 

more complete picture of the selective pressures associated with locomotor ontogeny and 

life history (Hurov 1991; Stearns 1992, 2000; Carrier 1996; Workman & Covert 2005; 

Wunderlich et al. 2011; Bezanson 2009, 2017; Young & Shapiro 2018). 

Mammals display a wide range of locomotor abilities as neonates, from essentially 

physically mature, or precocial, to completely dependent, or altricial. Many species are 

capable of adult-like locomotion shortly after birth, though others depend on parental 

care for many months or years (Grand 1992; Muir 2000). Altricial young are born with a 

much smaller proportion of their eventual adult weight and muscle strength compared to 

precocial mammals (Grand 1992). This creates greater locomotor challenges for altricial 

juveniles, as they must cope with the challenges of being smaller and underdeveloped for 

an extended period of time (Hurov 1991; Grand 1992; Carrier 1996; Wells & Turnquist 

2001). The precocial-altricial dichotomy can also be present within a single individual, 

with some structures highly precocial and others altricial in the same animal (Grand 

1992). 

Propithecus verreauxi life history 

In order to better understand how locomotor performance varies during development, I 

investigated the strepsirrhine primate Propithecus verreauxi, commonly known as sifaka. 

Among primates, Propithecus verreauxi life history is one of the “slowest” in terms of 

life history because, when controlling for body size, it has a relatively late age at first 

reproduction and lives for a long time when compared to other wild primates (Richard et 
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al. 2002). Juveniles reach locomotor independence late compared to other strepsirrhines, 

making their first movements away from the mother around 6 weeks and reaching full 

independence as late as 6 months (Richard 1976; Eaglen & Boskoff 1978; Young & 

Shapiro 2018; Malalaharivony et al. 2021). While sexual maturity is reached around 3 to 

6 years, P. verreauxi juveniles do not reach adult body mass until approximately 8 years, 

indicating a protracted period of somatic growth (Richard et al. 2002; Lawler 2006). 

Despite being altricial in general somatic growth and development, P. verreauxi are 

dentally precocious and born with most teeth fully erupted (Godfrey et al. 2004). For an 

animal roughly the size of a house cat (2.92 kg mean adult mass), individual P. verreauxi 

have been observed to live as long as 33 years in the wild (Bronikowski et al. 2016). 

P. verreauxi life history characteristics have been attributed to the highly unpredictable 

environment that they inhabit (Wright 1999; Dewar & Richard 2007; Dunham et al. 

2011). Madagascar experiences high inter- and intra-annual variation in rainfall patterns, 

which determines food availability for frugo-folivorous P. verreauxi (Jury et al. 1995; 

Dewar & Richard 2007). Stochastic food availability likely influenced the evolution of 

the long reproductive lives of P. verreauxi, which allow for several opportunities for 

successful reproduction inter-annually (Wright 1999; Richard et al. 2002; Lawler et al. 

2009). The Malagasy climate consists of alternating wet and dry seasons, leading to 

seasonality in plant growth and flowering punctuated by stochastic inter- and intra-annual 

rainfall, resulting in stochastic droughts (Dewar & Richard 2007; Dunham et al. 2011). 

This in turn drives seasonal reproductive cycles, in which females store energetic 

“capital” during the wet season, give birth in the middle of the resource-limited dry 
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season, and wean infants during the next wet season (Wright 1999; Richard et al. 2000, 

2002). 

Propithecus verreauxi locomotion 

Indriids, including P. verreauxi, employ a highly specialized vertical clinging and leaping 

(VCL) style of locomotion. VCL is a locomotor strategy characterized by hindlimb-

powered leaps between vertical supports, most often tree trunks (Napier & Walker 1967). 

Biomechanically, leaping sifaka can be modeled as projectiles using  

𝑑 =
𝑣2

𝑔
𝑠𝑖𝑛(2𝜃) 

where d= distance, v = velocity, g = acceleration due to gravity (~9.8m/s2), and 𝜃 = 

takeoff/launch angle. Leap distance (d) is proportional to the square of takeoff velocity 

(v), and the takeoff velocity itself depends on initial speed and the acceleration generated 

from initiation of a leap to takeoff. Accelerating the body comes with an energetic cost, 

as energy is utilized to contract the muscle fibers required to move the necessary limb 

segments. To increase leap distance, sifaka must either apply more initial force 

(acceleration x mass) and/or increase the time of pre-takeoff acceleration. In the case of 

P. verreauxi, leaps can be in excess of 10 meters between supports, which can increase 

the risk of injury/death from an imperfect or off-target leap (Napier & Walker 1967; 

Fleagle 1999). While the majority of P. verreauxi locomotor bouts consist of arboreal 

leaping, during terrestrial movement they “gallop” bipedally with the trunk turned 

approximately 30⁰ to the direction of travel (Lawler 2006; Wunderlich & Schaum 2007). 
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Within specialized leapers, there are two main functional groups with distinct leaping 

mechanisms: the small-bodied leapers (i.e., tarsiers & galagos; adult body mass ~80g-

<1kg), and the large-bodied leapers (P. verreauxi and other large-bodied indriids; adult 

body mass >2kg). One notable difference is in the method of propulsion when initiating 

leaps. Smaller leapers are not constrained by muscle mass relative to body size, and thus 

have the ability to produce large initial acceleration very quickly. They use “tarsal-

powered” leaps, so named because of the elongated midfoot that increases the speed 

advantage (load arm/lever arm) of their leap (Demes & Günther 1989, Demes et al. 

1996). Conversely, larger leapers are limited by their lower muscle cross-sectional area 

relative to their body mass. Larger species, however, have absolutely longer hindlimbs 

that allow for a greater period of acceleration from initiation to takeoff (Demes & 

Günther 1989, Demes et al. 1996). In contrast with the tarsal-powered leaps of smaller 

species, larger leapers depend on their thighs to produce the necessary force. In fact, 

larger species seem to rely very little, if at all, on the foot to power leaps (Demes et al. 

1996). To summarize, small leapers accelerate primarily with the midfoot via high forces 

over a short time, while large leapers use the thighs, producing relatively lower 

instantaneous forces but over a longer period of time (Demes & Günther 1989). 

P. verreauxi possess several morphological characters specialized for VCL locomotion, 

including relatively long hindlimbs for leaping and large hands and feet for grasping 

compared to non-leapers (Demes & Günther 1989). P. verreauxi have a low 

intermembral index, defined as the ratio of total forelimb length to total hindlimb length 

(Oxnard et al. 1981; Ravosa et al. 1993; Fleagle 1999). Elongated hindlimbs allow for 

greater angles at the hip & knee and a longer period of acceleration between initiating a 
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leap and takeoff, enabling individuals to reach the high takeoff velocities necessary to 

complete long-distance leaps (Demes et al. 1996; Demes & Günther 1989). In addition, 

P. verreauxi have large hands and feet (compared to non-leapers), with an elongated 

hallux which forms a deep cleft between it and the other digits (Gebo & Dagosto 1988; 

Lawler 2006). Enlarged hands and feet enhance grasping ability, a crucial trait when the 

primary mode of travel involves leaping among trees (Napier & Walker 1967; Gebo 

1985). In developing P. verreauxi, the hindlimbs, hands, and feet grow with strong 

negative allometry as infants are born with disproportionately large extremities and 

“grow into” them (Lawler 2006; Wolf 2011). This allows for enhanced grasping ability in 

an arboreal environment from juvenility and likely aids the ability to cling to the mother 

during the period of locomotor dependence. 

The challenges presented by arboreal VCL locomotion are exacerbated when considering 

them from an ontogenetic perspective. As social primates traveling in family groups, 

juvenile P. verreauxi are tasked with navigating the same physical environment as their 

adult counterparts, yet they have less-developed musculature and absolutely shorter 

hindlimbs (Ravosa et al. 1993; Godfrey et al. 2004; Lawler 2006). As a result, juveniles 

must either leap at a higher frequency than adults, using alternate supports, or exhibit 

higher instantaneous acceleration relative to adults to traverse the same distance. Coupled 

with an extended juvenile period during which young P. verreauxi are subjected to these 

constraints, it is apparent that P. verreauxi is an ideal species for the study of the 

mechanical constraints and energetic costs of locomotion associated with juvenility. 

Conservation of energy is critical to fitness, costs of locomotion comprise a significant 

portion of animals’ energy budgets (Kenagy & Hoyt 1989; Karasov 1992), and specific 
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locomotor constraints differ across P. verreauxi life history. Measurement of energy 

expenditure and locomotor mechanics across the P. verreauxi life cycle may elucidate 

unique selection pressures and adaptive mechanisms acting at different points throughout 

ontogeny and is critical to understanding adaptation in strepsirrhine primates.  

In this study, I compare the mechanics and energetics of locomotion among age classes in 

growing, wild P. verreauxi. Specifically, I hypothesize that: 

1) Juveniles experience greater biomechanical demand during locomotion, via either 

a) producing greater acceleration to make similar leaps with absolutely shorter hindlimbs 

or b) performing more leaps to cover a similar distance, and 2) Juveniles expend similar 

energy compared to adults despite these challenges, as a result of pressure to maximize 

conservation of energy with respect to locomotion during development. 

 

Methods 

Study site 

All data were collected at Beza Mahafaly Special Reserve (BMSR) in Southwest 

Madagascar (Figure 1.1). BMSR is a protected reserve consisting of an environmental 

gradient from dry spiny forest to riverine gallery forest, home to wild populations of 

several lemur species including P. verreauxi (Sussman et al. 2011). The site has been 

continuously operated as a research facility since 1977, and P. verreauxi population 

structure and demographics have been studied since 1985.  Since 1985, an on-going 

research protocol has been in place in which yearling animals and new immigrants are 
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captured, measured, marked and released back into the wild.  During this process 

numerous qualitative and quantitative morphometrics are taken from each animal.  

Animals are also fitted with a nylon collar and unique ID tag.  For this study, the collar 

provided a convenient location for sensor attachment which would not inhibit behavior. 

 

Figure 1.1. Location of BMSR (black dot), with map of the range boundaries inset. 

Colored polygons represent focal group home ranges, with individual GPS points in 

yellow and a spatial mean/center in red. Group Fety (purple) does not have GPS data due 

to lack of signal when collecting data in this home range, so this polygon is based on an 

existing BMSR dataset. Remaining groups are Perline (pink), Elyse (green), and Roshna 

(blue). 
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Data collection 

This study utilized collar-mounted logging sensors to characterize and compare 

acceleration peaks and estimated energy expenditure among yearling, three-year-old, and 

adult animals at BMSR. Collection of acceleration data allows for identification of leaps, 

peak acceleration (i.e., the highest acceleration an animal applies during a leap), and 

estimation of energy expenditure due to movement. I took advantage of the ongoing 

capture-collaring system at BMSR to add small TechnoSmart Axy 5 XS inertial sensors 

(TechnoSmart, Rome, Italy) to the collar of 3 yearling, 3 three-year-old, and 2 adult P. 

verreauxi in August-October 2022. All procedures were approved by Madagascar 

National Parks and the James Madison University Institutional Animal Care & Use 

Committee. Devices were attached to the collar using custom, in-house built mounts 

(entire configuration <3% average yearling body mass). A subset of collars were 

modified for automatic device drop-off to avoid unnecessary recapture. The length of 

continuous acceleration data collection ranged from 8-36 days per individual, with 

sensors configured to collect at 50-100hz depending on length of deployment. Two 

animals were instrumented per social group, with a total of four social groups spread 

across the reserve (Figure 1.1). During the capture process, morphometric measurements 

were taken on each individual, allowing body mass and thigh/leg length to be 

incorporated into analyses. 

Locomotor behavior and GPS data were collected on a focal social group each day using 

the Behayve smartphone app (Fulton 2022). Table 1.1 provides definitions of locomotor 

variables. Additionally, video data were collected on a select focal group during daylight 

hours each day. Video collection allowed for behavior validation and the ongoing 
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training of a machine-learning algorithm with the goal of automating behavior 

classification from accelerometer data. Approximately 264 hours of behavior and 25 

hours of video data were collected. 

Accelerometry 

In order to measure how leaping mechanics (via peak accelerations) and energy 

expenditure due to locomotion vary throughout development and during different 

behaviors, it is necessary to collect data on a fine temporal scale in a natural environment, 

without significantly altering the subjects’ behavior. Widely-used measures of energy 

expenditure are limited in at least one of these requirements, as doubly-labeled water 

yields data across a coarse temporal scale, making it impossible to measure fine-scale 

“bursts” of activity, while respirometry is only practical in non-field studies (Nagy 1983; 

Speakman 1998; Geissler et al. 1986; Westerterp et al. 1988). Ongoing development in 

sensor technology offers a promising alternative, as inertial sensors can collect and store 

high-frequency data and are small enough to deploy in a natural setting (Yoda et al. 

2001). Inertial sensors can be mounted on wild animals to collect movement data, 

including acceleration, gyroscope, and magnetometer information remotely and non-

invasively. 

For the purpose of estimating locomotion-related energy expenditure, acceleration data is 

particularly useful. Wilson and colleagues (2006) provide a framework for estimating 

energy expenditure using overall dynamic body acceleration (ODBA), which has been 

validated by a growing body of work (e.g. Halsey et al. 2009, 2011; Gleiss et al. 2011; 

Qasem et al. 2012; Wilson et al. 2020). ODBA is derived from tri-axial accelerometer 
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data (which measures acceleration in three dimensions), and has demonstrated a strong 

relationship when compared with traditional measures of energy expenditure in a range of 

species (Wilson et al. 2006, 2020; Halsey et al. 2009, 2011). It is important to note that 

the specific nature of this relationship can vary between species, and comparisons using 

ODBA are strictly relative as there is no conversion from ODBA to a standard unit of 

energy without species-specific validation (Halsey et al. 2009; Wilson et al. 2020). 

Despite its limitations, when sensor placement and study species are consistent, ODBA is 

a validated predictor of relative locomotor energy expenditure. 
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Table 1.1. Ethogram for P. verreauxi behavioral observations 

Behavior Definition 

Leap+ Cross gap using combined hindlimb propulsion with aerial phase 

Hop up+ Ground to vertical substrate OR movement up vertical substrate, 

hindlimbs used together 

Hop down+ Vertical substrate to ground OR movement down vertical substrate, 

hindlimbs used together 

Bipedal gallop+ “Leap” on terrestrial substrate 

Clamber+ Movement on multiple substrates (limbs in contact with at least 2 

different substrates) in which at least one limb is in contact at all time 

Climb up+ Movement up vertical substrate, separate movement of hindlimbs 

Climb sideways+ Lateral movement, separate movement of hindlimbs 

Climb down+ Movement down vertical substrate, separate movement of hindlimbs 

Suspensory 

locomotion+ 

Locomotion while center of mass is below support 

Crawl+ Movement on ground using four limbs, moving separately 

Sit% Rear down on substrate, forelimbs up 

Hang% Hanging by at least one limb 

Lie% Back flat against horizontal substrate 

Crouch% All four limbs on one horizontal substrate, rear lifted, no movement 

Stand% Upright posture with both hindlimbs extended 

Cling% All four limbs on one non-horizontal substrate, no movement 

%Posture; +Locomotor behavior 
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Analyses 

Raw acceleration data were processed using custom-coded MATLab/R programs 

designed to derive several metrics of interest: magnitude of acceleration peaks, frequency 

of acceleration peaks, estimated time spent active, and ODBA. A magnitude of 3g and 

minimum time-interval of 0.5s were used to define acceleration peaks, and the average 

magnitude & frequency per hour of these peaks were calculated. Activity was defined as 

acceleration >1g, and calculated as a percentage of total time. For ODBA, static 

(gravitational) acceleration is found by using a running mean on each orthogonal axis (X, 

Y, & Z) of the raw acceleration data. To find dynamic acceleration, or the acceleration 

due to the subject’s movement, this static acceleration is subtracted from the raw value on 

each respective axis. Finally, the absolute value of the tri-axial dynamic accelerations are 

summed to derive ODBA, a proxy for energy expenditure (Figure 1.2).  

 In short, 𝑂𝐷𝐵𝐴 = |𝐴𝑐𝑐𝑋|  + |𝐴𝑐𝑐𝑌| + |𝐴𝑐𝑐𝑍|  , where 𝐴𝑐𝑐𝑋 represents the dynamic 

acceleration in the X direction, etc.. Lastly, GPS data were used to map home ranges of 

each focal group during the period of study. A machine-learning program is currently 

being developed by colleagues with the intent to label locomotor behaviors (i.e., leap, 

climb, gallop) automatically from raw acceleration data. This algorithm will be employed 

to identify specific behaviors as well as broad active vs resting contexts for analysis. 
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Figure 1.2. Graphical depiction of the derivation of ODBA, modified from Gleiss et al. 

(2011), and the standard device orientation when mounted (bottom left). 

 

All statistical analyses were done in RStudio (RStudio, Boston MA). ANOVA or 

Kruskal-Wallis tests (depending on variable normality) were used to compare ODBA, 

rate & average magnitude of peaks, and activity time among the three age classes. In 

addition, mixed effects models were used to incorporate random effects such as 
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individual ID and social group in estimations of the effect of age class on ODBA and 

peak accelerations. 

 

Results 

Morphometrics 

Due to the thigh-powered nature of P. verreauxi leaping, absolute thigh length (greater 

trochanter of femur to lateral condyle of tibia) was of particular interest in the analysis of 

morphometric data. I first compared the animals in my sample to data from the 1999-

2022 capture seasons (n=522 animals). The thigh lengths from sampled animals are 

reasonably typical for the population, as none are outliers and the majority fall between 

the first and third quartiles for their age class (Figure 1.3). In this sample, absolute length 

of the thigh increased significantly with increasing age class (Figure 1.3; p<0.01), with 

average lengths of 13.5cm for yearlings, 16.1cm for 3-year-olds, and 17.6cm for adults. 

When relativized to body mass, thigh length (cm/kg(1/3)) yearlings have a larger 

thigh:mass ratio than adults (Figure 1.4). 
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Table 1.2. Morphometric data for each subject in the sample. 

Age Group Sex 

Weight 

(kg) 

Thigh Length1 

(cm) 

Leg Length2 

(cm) 

Foot Length3 

(cm) 

1 Roshna M 1.84 13.3 13.9 11.5 

1 Fety F 1.30 14.0 13.1 10.8 

1 Perline F 1.35 13.3 13.0 10.5 

3 Elyse F 1.95 16.2 15.4 12.1 

3 Fety M 2.23 15.9 16.0 12.1 

3 Perline F 2.21 16.4 16.4 12.8 

Adult Roshna F 2.83 18.1 15.8 13.1 

Adult Elyse M 2.72 17.0 15.3 12.1 

1greater trochanter of femur to lateral condyle of tibia; 2lateral condyle of tibia to lateral malleolus 

of fibula; 3calcaneus to tip of longest digit 

 

 

 

Figure 1.3. Thigh length among animals captured from 1999-2022. Points representing 

the 8 animals in my sample are highlighted red & enlarged. 
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Figure 1.4. Thigh length relative to body mass (cm/kg(1/3)) for each age class. Enlarged 

red points represent the individuals in my sample. Yearlings and adults differ from each 

other at α = 0.05. 

 

Behavioral data 

Leap frequency was calculated from behavioral data collected in the field by dividing 

leaps observed by the duration of observation on a given day. Leap frequency was lower 

in adults (Figure 1.5). In addition to leap frequencies, overall behavioral repertoire was 

calculated for five broad behavioral contexts – Travel, Rest, Feeding, Grooming, and 

Play (Figure 1.6). Travel and rest time seem to decline with age, while feeding time is 

increased in adult animals. 
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Figure 1.5. Leap frequency (observed leaps divided by total observation time on a given 

day) is significantly lower in adult P. verreauxi (p < 0.01). 

 

Figure 1.6. Proportion of total time spent in each behavioral context, by age class. 
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Acceleration peaks 

 

 

 

Figure 1.7. Top panel: 24-hour tri-axial acceleration, with night hours shaded. Bottom 

panel: subsection of acceleration, converted to ODBA, with peaks marked (triangles).  
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For the following analyses, acceleration peaks are defined as ODBA >3g with a 

minimum time interval of 0.5s, which represents high-intensity movement (Figure 1.7). 

As thigh length increases, the magnitude of peaks produced during locomotion decreases. 

Linear regression analysis indicated a significant, moderately strong negative relationship 

between length of thigh and average magnitude of peak accelerations (Figure 1.8; 

R2=0.44; p<0.01). 

When individuals within an age class are binned, the average magnitude of acceleration 

peaks decreases with increasing age class (Figure 1.9; p<0.05). This is consistent with the 

previous observation that absolutely shorter thighs (in younger animals) are correlated 

with greater peak accelerations. There are, however, significant differences based on the 

social group in which the animal lives and an interaction effect between age class and 

social group in two-way ANOVA analysis (Figure 1.10). 

In addition to the magnitude, or intensity, of peak accelerations, the frequency (per hour) 

of peaks >3g was analyzed. While not a one-to-one predictor, the frequency of peaks is 

correlated with the frequency of leaps performed (Figure 1.11; R2 = 0.63; p<0.01). Peak 

accelerations per hour are decreased in adult P. verreauxi compared to younger animals, 

with no significant difference between yearlings and 3-year-olds (Figure 1.12). This 

suggests that juvenile/subadult animals leap more frequently compared to adults. Again, 

there are differences depending on the animal’s social group, but within social groups the 

younger individuals generally have a higher frequency of peak accelerations (Figure 

1.13). 
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Figure 1.8. Linear regression of mean peak acceleration per day vs thigh length, 

displaying a significant, negative relationship (R2=0.44; p<0.01; shaded area represents 

95% confidence interval). 

 

Figure 1.9. Mean magnitude of peak accelerations decreases with age (letters indicate 

significant differences at α = 0.05). 
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Figure 1.10. Mean peak magnitudes by age (x-axis) and social group (color). Effect of 

age class and social group, as well as the interaction term between the two, are significant 

(p<0.01). 

 

Figure 1.11. Linear regression analysis indicates that the frequency of peak accelerations 

predicts the number of leaps performed (R2=0.63; p<0.01; shaded area represents 95% 

CI). 
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Figure 1.12. Number of peak accelerations (>3g) per hour, by age class. Letters indicate 

significance at α = 0.05 

 

 

Figure 1.13. Frequency of peak accelerations by age class (x-axis) and social group 

(color). Significant differences due to age & group, as well as interaction between age 

and group, occur in two-way ANOVA. 
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Energy expenditure & activity times 

 

While magnitude and frequency of peak accelerations are elevated in young animals 

compared to adults, daily average ODBA (a proxy for energy expenditure due to 

movement) was only elevated in 3-year-olds. Yearlings and adults were not statistically 

different, while ODBA in 3-year-olds was significantly greater than both (Figure 1.14). 

When including social group in the analysis, there are again differences by group but no 

clear pattern (i.e., younger animals of a group do not always have greater ODBA; Figure 

1.15). It is evident, however, that some groups expended much less energy on locomotion 

during the time they were observed (e.g., group Roshna compared to Perline). 

 

Figure 1.14. Estimated energy expenditure, as ODBA, is significantly greater in 

subadults (3 y/o) compared to yearlings and adults (p<0.01). 
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Figure 1.15. Overall Dynamic Body Acceleration (ODBA), a proxy for energy 

expenditure, by age class and social group. 

 

Activity times, calculated as the proportion of time where ODBA >1g, largely mirrored 

energy expenditure (as average ODBA), with 3-year-olds significantly higher than both 

yearlings and adults (Figure 1.16). Again, yearling and adult activity times were similar 

to each other. Mean activity percentages for each age class were 30.6% for yearlings, 

36.1% for 3-year-olds, and 32.4% for adults. Similar to the results concerning energy 

expenditure, some social groups were much less active than others (Figure 1.17). 
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Figure 1.16. Proportion activity (amount of time where ODBA >1g) is elevated in 3-

year-olds compared to yearlings and adults (p<0.05). 

 

Figure 1.17. Proportion time spent active by age class and social group. Activity was 

heavily dependent on social group. 
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Discussion 

P. verreauxi life history is disproportionately slow for their body size, likely a reflection 

of their adaptation to highly seasonal and stochastic resource availability (Richard et al. 

2002; Lawler et al. 2009). P. verreauxi achieve locomotor independence well before 

anatomical maturity, challenging juveniles traveling in mixed-age social groups (Richard 

et al. 2002; Lawler 2006; Wunderlich et al. 2011). P. verreauxi thighs, the primary driver 

of performance during vertical clinging-and-leaping locomotion (Demes & Günther 

1989; Demes et al. 1996; Wolf 2011), are significantly shorter in juvenile sifaka 

compared to adults. Small juveniles with (absolutely) short legs may need to produce 

greater peak acceleration and/or leap more frequently to keep up with mature individuals 

in the group during locomotion. This may lead to increased mechanical costs of juvenility 

in P. verreauxi, although the subsequent energetic cost may be mitigated by selection for 

small and/or slow-growing body mass, growth rate, behavior, etc. in young animals 

(Wolf 2011). 

Analyses indicated a negative relationship between thigh length and magnitude of peak 

accelerations. Because hindlimb length limits the time available to accelerate the body 

from leap initiation to takeoff, one- and three-year-old P. verreauxi must produce greater 

peak accelerations to reach the necessary takeoff velocity if they are required to leap 

similar distances as adults. In addition to the magnitude of peaks, the frequency of peak 

accelerations is again greater in juveniles compared to adults. I show that the frequency 

of peak accelerations is a reasonable predictor of the number of leaps performed by an 

animal, suggesting that adult P. verreauxi perform fewer leaps than yearlings or three-

year-olds. This pattern was corroborated with observational behavior data. Higher leap 
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frequency in young individuals is likely due to the fact that juveniles perform a greater 

number of short-distance leaps, instead of covering a similar distance as adults (when the 

forest structure allows). When comparing age classes, the results concerning peak 

accelerations suggest that young P. verreauxi are both producing greater peak 

acceleration magnitudes (when necessary to cover long distances) and a higher peak 

frequency (when performing a greater number of short leaps) in order to cope with the 

limitations of a developing body while traveling in groups using highly-demanding 

leaping locomotion.  

Although these data support the hypothesis that young P. verreauxi are under increased 

demand with respect to locomotion, the observed pattern with respect to energy 

expenditure differed from the prediction. While yearling and adult individuals had similar 

estimates of energy expenditure, three-year-olds exhibited increased energy expenditure 

and activity time compared to both yearlings and adults. There are several potential 

explanations for this pattern, although none can be directly supported by these data: 1) 

Three-year-olds are in a sociodemographic “middle ground” in which they are no longer 

given the preferential treatment of yearlings but have not yet reached dominant positions 

in the social hierarchy. Among other disadvantages, this forces three-year-old individuals 

to move more when feeding, as dominant animals maintain preferential access to feeding 

sites. 2) Increased activity in three-year-olds is driven by exploring dispersal options 

around the limits of their home range, as P. verreauxi generally start to disperse around 

age 3 (Richard et al. 1993). 3) Three-year-old P. verreauxi have longer hindlimbs relative 

to their body mass, allowing them to produce more force and “overshoot” leap distances 

leading to increased ODBA. I suggest that the most likely explanation is 
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sociodemographic, with 3-year-olds in a low-ranking social position forcing them to 

move more and expend more energy. Because two of the three-year-olds in this sample 

are female, dispersal is unlikely a strong factor as males are the primary dispersers in this 

species (Richard et al. 1993). Additionally, if the anatomy and biomechanics of the three-

year-old body increased the likelihood of more/greater acceleration during locomotion 

than both yearlings and adults, one would expect to see the same pattern reflected in the 

aforementioned measures of the magnitude and frequency of peak accelerations. 

It is also interesting that the pattern of increased biomechanical demand (as peak 

accelerations) among yearlings is not reflected in energy expenditure, which was similar 

to that of adults. Although yearlings produce greater magnitude of peaks and perform 

more leaps than adults, they exhibit ODBA similar to that of their adult counterparts. This 

suggests some means of compensating for their locomotor disadvantage, allowing young 

animals to travel with adults while incurring a similar energetic cost. Smaller body mass 

and higher hindlimb length:body mass ratios are likely a major factor, as young animals 

have less mass to move during travel. The ability to compensate for a biomechanical 

locomotor disadvantage may be another reflection of P. verreauxi life history evolution, 

as inter- and intra-annual stochasticity in resource availability leaves vulnerable juveniles 

with little energy to “spare” when fueling somatic growth in addition to typical cellular 

processes. These data suggest that, while growth continues long after locomotor 

independence is reached, yearling P. verreauxi do not necessarily incur an additional 

energetic cost when traveling compared to adults. In addition to ecological constraints on 

nutrient availability, the protracted juvenile period in P. verreauxi may be selected for 

because faster growth would increase body mass more rapidly than hindlimbs (which 
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must move the mass) can “keep up” with (Hurov 1991). Behavior and sociodemographic 

structure are once again likely factors, as traveling (the time during which the majority of 

peak accelerations are experienced) accounts for a relatively small proportion of overall 

daytime activity and time spent in other behavioral contexts is influencing differences (or 

lack thereof) in energy expenditure and activity time. It should be noted that ODBA 

exclusively estimates energy expenditure due to movement and does not account for other 

important aspects of metabolic expense such as cellular maintenance, immune function, 

digestion, etc. 

While analysis of binned age classes is streamlined and allows for drawing simpler 

conclusions, the considerable differences among social groups should not be ignored. As 

an example, group Roshna (yearling male & adult female) in this sample had greatly 

reduced energy expenditure and activity time compared to others. Anecdotally, I noted 

that their home range had relatively dense and rich resources during my observation time 

compared to other groups that were followed. When observing group Roshna, the animals 

frequently remained feeding in a single large, leafy tree for several hours at a time. Other 

groups in the sample had less favorable microhabitat conditions, and had to constantly 

move to ensure group members had access to adequate forage. Some groups were also 

frequently involved in inter-group conflict associated with territory defense, which likely 

impacted their intensity and frequency of activity. The extent to which ecological and 

sociodemographic factors influence P. verreauxi movement cannot be fully determined 

with this dataset, and future work should incorporate both microhabitat condition (e.g., 

range size, resource availability, etc.) and sociodemographic factors (e.g., group size, 
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individual social rank, competition with neighboring social groups) to better address 

these questions. 

In conclusion, this study demonstrates that yearling and three-year-old P. verreauxi 

experience a mechanical cost during locomotion, with increased magnitude and 

frequency of peak accelerations. This is not, however, reflected in measures of energy 

expenditure or time spent active, with no difference between yearlings and adults. Three-

year-old animals had elevated energy expenditure and activity, but this is likely due to 

social behavior and demography as opposed to anatomical and/or biomechanical factors. 

Altogether, this suggests that juvenile P. verreauxi possess some mechanism to cope with 

their locomotor disadvantage which mitigates additional energetic cost in an 

exceptionally resource-stressed environment. Slow growth may provide a locomotor 

advantage (as well as helping to cope with limited resources), as maintaining a low body 

mass offsets the locomotor limitations associated with juvenility. Evolution of diverse life 

history patterns are driven by selective pressures acting across the life cycle. It is clear 

that an integrated understanding of ecology, behavior, demography, locomotion and 

biomechanics is critical to elucidating these pressures and how they act across the 

lifespan. 
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Chapter 2: Physical aging in free-ranging captive sifaka (Propithecus coquereli) 

Abstract 

Propithecus are particularly slow-developing strepsirrhine primates with long lifespans 

for their body size and little to no post-reproductive lifespan. Physical senescence, or age-

related loss of locomotor performance, has been measured in humans and some primate 

species. Little is known about the degree to which this pattern of physical aging is 

conserved across primates or specific to certain species. Propithecus are highly arboreal, 

and vertical clinging and leaping comprise a large portion of their locomotor repertoire. 

Previous laboratory studies have suggested that sifaka exhibit few signs of physical 

senescence. In order to investigate further potential evidence for physical aging 

in Propithecus, I measured percent time active/resting, energy expenditure due to 

movement (as overall dynamic body acceleration, ODBA), and peak accelerations in 15 

free-ranging captive Propithecus coquereli, aged 4–25 years, using lightweight inertial 

sensors. When free-ranging in natural habitat enclosures, the oldest age category 

(18+) Propithecus exhibited significantly lower active time, lower ODBA, and lower 

frequency of peak accelerations than adults. However, mean peak acceleration magnitude 

was not decreased in old animals. Contrary to previous studies finding only subtle gait 

changes during aging in Propithecus, these results indicate a pattern of age-related 

physical senescence in captive sifakas, especially in natural habitat environments, though 

old sifaka do not avoid/reduce peak musculoskeletal load. This suggests that old sifaka 

are under selective pressure to maintain peak locomotor performance, though old 

individuals move less frequently compared to younger adults. 
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Introduction 

Senescence, or age-related physical deterioration, can be measured at many biological 

scales, from cellular to population-level (Finch 1990; Rose 1991). Proximate 

physiological mechanisms of aging, such as accumulated molecular damage, oxidative 

stress, or telomeric shortening, are often measured at smaller scales (Partridge & Gems 

2002; Kenyon 2005). On the contrary, broad evolutionary theories concerning senescence 

are often developed from demographic studies measuring age-related change in mortality 

rates or reproductive success in a population (e.g., Rose 1991; Austad 1993). It is 

generally thought that age-related deterioration arises evolutionarily because selective 

pressure favoring somatic maintenance and repair, as well as negative selection against 

deleterious alleles, is greatest through early adulthood and “relaxes” after individuals 

have reproduced (Williams 1957; Hamilton 1966). 

Though most mammals are reproductively active until death, there is evidence of 

physical senescence in the form of age-related declines in reproductive success and 

increased age-specific mortality (Hamilton 1966; Pavelka & Fedigan 1991; Austad 1993; 

Nussey et al. 2013). Individual reproductive success tends to follow a plateau-shaped 

curve, with an increase in offspring survival through early adulthood leveling off in a 

period of relatively high success (“prime” reproductive age), followed by a decline in 

advanced age (Dugdale et al. 2011; Hayward et al. 2013; Campos et al. 2022). Though 

declining reproductive success is a standard measure of physical senescence, the 

underlying causes or mechanisms leading to a reduction in fertility, as well as how these 

differ among species, are not as well-understood (Moorad & Nussey 2016; Campos et al. 

2022). 
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One important aspect of physical aging is the loss of locomotor performance associated 

in part with a decline in muscle mass and strength, known as sarcopenia and dynapenia, 

respectively (Mitchell et al. 2012; McGregor et al. 2014). Locomotion is essential to 

foraging, reproduction, and avoiding predation in wild animals, thus loss of locomotor 

function likely increases mortality risk. Age-related decline in locomotor performance 

has been studied extensively in humans (e.g., Odding et al. 2001; Kulmala et al. 2014; 

Bohm et al. 2015), though there is growing interest in this phenomenon in other species 

(Ingram 2000; Nussey et al. 2013; Marck et al. 2017). In humans, locomotor aging 

manifests as reductions in walking speed, range of motion, peak ground reaction forces, 

stride length, and overall activity, as well as an increased risk of falling (Murray et al. 

1969; Gabell & Nayak 1984; Yamada et al. 1988). Marck and colleagues (2017), 

measuring locomotor velocity and activity levels, demonstrated similar patterns of 

locomotor senescence in species spanning orders of magnitude in body size and 

longevity, from C. elegans to humans and horses. This suggests that, despite generally 

lacking post-reproductive lifespans, some non-human animals do experience physical 

senescence which can be measured as a decline in locomotor performance with age. 

Senescence in primates 

Among mammals, primates generally have extended lifespans and reproductive “careers” 

(relative to body size) compared to other clades, though there is considerable interspecific 

variation (Charnov & Berrigan 1993; Alberts et al. 2013; Campos et al. 2022). The slow 

life history of primates, especially their abnormally long lifespan relative to body mass, 

makes them interesting subjects for the study of senescence both in wild populations and 

under laboratory conditions. Some non-human primate species are used as aging models 
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due to their phylogenetic proximity and physiological similarity to humans (Black & 

Lane 2002; Colman et al. 2005; Ruff et al. 2020), sharing many age-related diseases with 

our species such as arthritis (Carlson et al. 1996; Rothschild et al. 1997), 

neurodegenerative disease (Bons et al. 2006), and cardiovascular disease (Brady et al. 

2003). While useful for modeling human aging, only a few species, e.g., macaques 

(Macaca sp.) and more recently the gray mouse lemur (Microcebus murinus), are widely 

used as primate models in the study of senescence (Fischer & Austad 2011; Didier et al. 

2016; Colman 2018). 

Because the vast majority of primates are not a focus of aging research, the degree to 

which patterns of senescence are conserved among the diverse primate order is relatively 

poorly understood (Campos et al. 2022). For example, non-human hominids are thought 

to undergo relatively little osteoarthritis, though bonobos exhibit increased rates 

compared to other representatives (chimpanzees, gorillas, orangutans; Lovell 1990; 

Jurmain 2000). Additionally, prevalence of osteoarthritis in cercopithecine monkeys 

seems to be much higher than in hominids, though these data are likely biased as there is 

an effect of captivity on osteoarthritis rate (Rothschild & Woods 1992, Rothschild 1993). 

Additionally, nearly every study of age-related sarcopenia in primates is done on captive 

rhesus macaques (e.g., Colman et al. 2005, 2008; McKiernan et al. 2009; Pugh et al. 

2013). 

Study and comparison of physical aging among non-human primates, including age-

related changes in locomotor performance, may elucidate the evolutionary history and 

associated selective pressures which shape their remarkable life histories (Fischer & 

Austad 2011; Madimenos 2015; Ruff et al. 2020). Whether a trait is widely conserved or 
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unique to more specific clades could potentially shed light on when or how that trait 

evolved. While broad comparative studies may be very powerful, investigations of this 

nature require large amounts of baseline information across a wide range of species, 

much of which remains undiscovered (Ruff et al. 2020; Campos et al. 2022). Before 

thorough comparisons of physical senescence can be drawn among primates, we must 

obtain information on patterns of aging from a diversity of primate species. 

Propithecus life history 

Among mammals, Propithecus life history is exceptionally slow for their body size 

(Figure 2.1; Richard et al. 2002). Individual longevity has been recorded up to 33 years in 

the wild, and a separate study found that Propithecus verreauxi females were 

reproductively active until nearly 30, though infant survival begins to decrease around 

age 20 (Richard et al. 2002; Bronikowski et al. 2016). In captivity, female P. coquereli 

have lived up to 25 years, and are reproductively active until age 22 (Zehr et al. 2014). 

This suggests a general lack of post-reproductive lifespans in Propithecus. When 

controlling for body mass, Propithecus females have a later median age at first and last 

reproduction compared to several other primate populations including representatives of 

the apes and neo- and paleotropical monkeys (Richard et al. 2002). Age-specific 

mortality in Propithecus is slightly sexually dimorphic, with young adult females (age 1-

10) experiencing greater mortality than males, and older males (age 12+) experiencing 

greater mortality than females (Richard et al. 2002). In both sexes, there is a general 

increase in mortality beginning at approximately 18 years (Richard et al. 2002). 
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Figure 2.1 Relative life expectancy & age at first reproduction in select mammals. Effect 

of body mass is controlled for using regression of log-transformed values. From Richard 

et al. 2002. 

 

Propithecus (and all lemur species) are endemic to Madagascar, which undergoes 

oscillating wet and dry seasons, with highly variable year-to-year rainfall (Jury et al. 

1995). The “slow” life history of Propithecus may be attributed to the highly stochastic 

intra- and inter-annual food availability that results from this climatic variability (Wright 

1999; Dewar & Richard 2007; Dunham et al. 2011). The differential inter-annual 

likelihood of successfully reproducing leads to a tradeoff sacrificing investment in single 

reproductive events in favor of a greater number of total reproductive attempts, described 

as “bet-hedging” (Stearns 1992; Richard et al. 2002). Propithecus reproductive success in 

a given year is not particularly likely, which may lead to positive selection for an 

extended lifespan and reproductive career (Wright 1999; Richard et al. 2002; Lawler et 

al. 2009). 
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Physical senescence in Propithecus coquereli 

With respect to senescence, Propithecus is relatively understudied and the information 

that does exist pertains to population-based demographic parameters such as reproductive 

success and mortality rates (e.g., Richard et al. 2002; Lawler et al. 2009). Data on 

physical senescence is nearly absent in this species (but see Snyder & Schmitt 2018). In 

addition to the need for these data for comparative primate studies and evolutionary 

analysis, it can be argued that Propithecus are candidate species for modeling human 

locomotor aging. Propithecus is one of very few primates to utilize a bipedal gait with 

sequenced footfall when moving terrestrially (“bipedal galloping”; Wunderlich & 

Schaum 2007; Snyder & Schmitt 2018). In a controlled (i.e., non-free-ranging) study 

analyzing gait, velocity, and ground reaction force during P. coquereli bipedal 

locomotion, Snyder & Schmitt (2018) found no reduction in peak ground reaction force 

and only slight reductions in velocity in old individuals. These findings indicate that P. 

coquereli may experience very little physical senescence leading to decline in locomotor 

performance. The fact that Propithecus (and most mammals) lack a significant post-

reproductive lifespan may account for the weak evidence for physical senescence in P. 

coquereli compared to humans, as senescence is thought to result from waning selective 

pressure (Pavelka & Fedigan 1991; Richard et al. 2002; Snyder & Schmitt 2018).  

Laboratory-based study of locomotor senescence may fail to account for naturalistic 

behavior and the “bigger picture” of physical aging in Propithecus. While the terrestrial 

bipedalism of Propithecus may be a useful model, the majority of travel bouts in their 

natural environment consist of vertical clinging-and-leaping, and they spend considerable 

time clambering and leaping during feeding (Napier & Walker 1967; Lawler 2006). Free-
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ranging data may better elucidate the physical changes (or lack thereof) associated with 

aging in non-human primates. Naturalistic data also better lends itself to comparative 

studies among wild populations, which may lead to a better understanding of primate 

physical senescence and life history evolution. In this cross-sectional study, I aim to 

describe and compare metrics of locomotor mechanics and energetics typically associated 

with physical senescence, such as the magnitude and frequency of acceleration peaks 

produced, time spent active, and energy expenditure, between adult and aging individuals 

in a population of free-ranging Propithecus coquereli. 

Because Propithecus lacks a significant post-reproductive lifespan, I hypothesize that 

free-ranging P. coquereli will not exhibit significant age-related declines in 

locomotor performance. This follows life history and evolutionary senescence theories, 

as well as a previous experimental study, which suggest that Propithecus has been under 

selection to maintain locomotor performance throughout the lifespan. 

 

Methods 

Data collection 

All data were collected at the Duke Lemur Center, Durham NC, by researchers from 

James Madison and Duke Universities between 2017 and 2022. All procedures were 

approved by the Duke Institutional Animal Care & Use committee and the Duke Lemur 

Center research committee. 15 captive P. coquereli aged 4-25 years were instrumented 

while free-ranging in forested “natural habitat enclosures” (Table 2.1). These enclosures 

range in size from 0.65-5.79 hectares and allow for naturalistic locomotor behavior. 
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Detailed facility records allowed for exact aging of each subject. Accelerometer models 

used for data collection were Humotion accelerometers (Münster, Germany) from 2017-

2018, Mbient MetaMotionS (San Francisco, USA) and ActivPAL 4 (Glasgow, UK) from 

2020-2021, and TechnoSmart Axy 5 XS (Rome, Italy) in 2022. Sensors were configured 

to collect at 20-100hz dependent upon the model. 92 individual accelerometry sessions 

spanning 573.25 hours of reliable acceleration data were collected in total (Table 2.1). 

Data processing 

Duration of individual data collection sessions ranged from ~15 minutes to 8 hours, but 

sessions less than one hour (generally a result of sensor error) were omitted from the 

dataset. Data were trimmed to the hours of 08:00-16:00 each day (the time during which 

the Duke Lemur Center is open for research activity). All measurements were converted 

from the sensor’s native units to g’s (1g = 9.8m/s2) for comparison. The metrics of 

interest derived from each accelerometry session were average magnitude of acceleration 

peaks, representing the highest acceleration applied during movement; frequency of 

acceleration peaks (greater than 3g’s) per hour, approximately representing the frequency 

of leaps performed (see Figure 1.12); estimated time spent active; and average overall 

dynamic body acceleration (ODBA), a proxy for energy expenditure due to movement. 

The theory supporting the use of accelerometry and the methodology used in data 

processing is discussed in detail in Chapter 1.  
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Table 2.1. Age, sex, and duration of data collection per animal sampled. 

Age1 ID Sex Age Class 

Data Duration 

(hr) 

Sensor Type 

4.17 Magdalena F Adult 54.25 ActivPAL 

4.53 Furia F Adult 3.5 Mbient 

5.79-6.44 Lupi F Adult 33.75 Mbient/ActivPAL 

7.41 Gertrude F Adult 62.25 ActivPAL 

7.86 Beatrice F Adult 44.75 ActivPAL 

8.39 Ferdinand M Adult 71.25 ActivPAL 

9.39 Remus M Adult 53 ActivPAL 

9.56 Martin M Adult 3.75 Humotion 

9.69 Thrax M Adult 4.75 Mbient 

10.03-14.85 Rodelinda F Adult 37.75 Humotion/TechnoSmart 

10.39 Bertha F Adult 77.75 ActivPAL 

13.45 Pompeia F Adult 45 TechnoSmart 

16.67 Marcus M Adult 3.5 ActivPAL 

24.36-24.47 Julian M Old Adult 7 Humotion 

25.53 Gordian M Old Adult 71 ActivPAL 

1A range of ages is given if data were collected at multiple timepoints on the same individual 
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Data analysis 

For a subset of analyses, animals were binned in the following age classes: Adult – age 4-

17; Old Adult – age 18+. The Adult delineation was made because 4 is approximately the 

onset of sexual maturity in Propithecus (Richard et al. 2002; Lawler 2006). The Adult - 

Old Adult delineation was made due to the increase in age-specific mortality at age 18 

(Richard et al. 2002) and follows the methodology of Snyder & Schmitt (2018). All 

statistical analyses were done in RStudio (RStudio, Boston MA). Linear regression was 

used to compare locomotor metrics across continuous age, while ANOVA or Kruskal-

Wallis tests (dependent upon variable normality) were used to compare among binned 

age classes. 

 

Results 

Acceleration peaks 

The magnitude of acceleration peaks, representing the highest acceleration produced 

during a bout of locomotion, seem to decrease slightly with increasing age. When 

comparing binned age classes, old adult peak magnitudes were not significantly different 

from adults (p=0.64; Figure 2.2). Linear regression analysis using continuous age did not 

indicate a significant relationship with average peak magnitudes (p=0.72; R2= -0.05; 

Figure 2.3). 
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Figure 2.2. Average magnitude of acceleration peaks >3g, representing the highest 

acceleration an animal produces, does not significantly decrease with age (p=0.64). 

Individual points represent the average magnitude for each individual. Lowercase letters 

indicate significance at α = 0.05. 
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Figure 2.3. Regression analysis indicates no significant negative relationship between 

average magnitude of acceleration peaks and age (p=0.72; R2= -0.05). Shaded region 

indicates a 95% confidence interval. Individual points represent peak magnitudes 

averaged per individual. 

 

The frequency of acceleration peaks per hour, a predictor of the number of leaps 

performed, was lower in old adult animals compared to adults (p=0.03; Figure 2.4). There 

was, however, no significant relationship between age and peak frequency in linear 

regression analysis (p=0.13; R2=0.08; Figure 2.5). 
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Figure 2.4. Peak frequency is significantly lower in P. coquereli individuals >18 years 

old. Letters indicate significance at α = 0.05. 

 

Figure 2.5. Frequency of acceleration peaks did not have a significant relationship with 

age (p=0.13; R2=0.08). Shaded region represents 95% CI. 
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Activity & energy expenditure 

Activity time and energy expenditure showed very similar patterns to one another, though 

not identical. Activity times were decreased in the old adult age class compared to adults 

(p=0.02; Figure 2.6). Linear regression again indicated a significant, somewhat weak 

negative relationship between age and time spent active (p=0.01; R2=0.29; Figure 2.7).  

 

Figure 2.6. Time spent active is lower in old adults compared to adults (p=0.02). 
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Figure 2.7. Increasing age is significantly related to a decline in time spent active 

(p=0.01; R2=0.29). Shaded region represents 95% CI. 

 

Energy expenditure due to movement, as average overall dynamic body acceleration 

(ODBA), was again significantly lower in the old adult age class compared to adults 

(p=0.02; Figure 2.8). When analyzed using a continuous age variable, energy expenditure 

differs from activity time in that there is no significant relationship between age and 

energy expenditure (p=0.173; R2=0.054; Figure 2.9). 
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Figure 2.8. Energy expenditure, as ODBA, is decreased in old adults (p=0.02).  

 

Figure 2.9. Linear regression analysis indicates no relationship between increasing age 

and energy expenditure due to movement (p=0.173; R2=0.054). Shaded region represents 

95% CI. 
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Discussion 

Propithecus coquereli have disproportionately long lifespans and reproductive careers for 

their body size (Richard et al. 2002). This species exhibits some degree of reproductive 

senescence, but despite reproductive success decreasing with age, females are sexually 

active nearly until death (Richard et al. 2002; Bronikowski et al. 2016). Reproducing 

throughout the lifespan may lead to selective pressure favoring the maintenance of 

locomotor performance, thus suppressing the manifestation of significant age-related 

declines in locomotor ability (Hamilton 1966; Pavelka & Fedigan 1991; Snyder & 

Schmitt 2018). The limited research to date concerning physical senescence in P. 

coquereli indicated very slight, if any, age-related decreases in locomotor performance, 

evidenced by a lack of reduction in peak ground reaction force and only slight reduction 

in velocity (Snyder & Schmitt 2018). 

Analysis of biomechanical and energetic metrics of locomotor performance, collected in 

a naturalistic free-ranging environment, provided mixed results and altogether weak but 

significant evidence for physical aging in P. coquereli. Average magnitude of 

acceleration peaks, which represents the maximum acceleration applied during 

locomotion, did not significantly decrease with age both in analysis of binned age class 

and regression over continuous age. These results corroborate laboratory-based findings 

(Snyder & Schmitt 2018), suggesting that data from a controlled study may in some cases 

be applied to free-ranging animals. This may indicate a lack of (or very slight) muscular 

senescence in older individuals that would cause a decrease in the peak acceleration they 

are capable of producing during locomotion. Human locomotor aging is characterized by 

a reduction of peak ground reaction forces, reducing impact on the musculoskeletal 
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system (Yamada et al. 1988). Because P. coquereli peak accelerations occur at both 

takeoff and landing during leaps, this also suggests that old sifaka are not avoiding 

impacts (when landing) on their musculoskeletal system. However, the frequency of 

peaks, which has been validated to predict number of leaps performed, was significantly 

lower in older individuals. While this could indicate a decrease in overall locomotor 

ability, it could also reflect a behavioral down-regulation in old animals which may or 

may not relate directly to physical performance. When using continuous age as opposed 

to binning age classes, frequency of acceleration peaks did not significantly decrease with 

age. This may indicate a more threshold-based relationship as opposed to a continuous 

decline with age. It seems that if physical senescence affecting P. coquereli locomotor 

biomechanics is occurring, it is to a limited degree. 

In analysis of binned adult vs old age classes, time spent active was lower in old animals. 

Activity time is used in other species as a measure of physical senescence, and though 

decreased activity may be due to a slight decline in locomotor ability, it could also be 

attributed to non-physiological behavior in which old animals simply move less often 

than younger animals. One potential explanation unrelated to physiology is that old 

animals are likely at the top of their group’s social hierarchy, needing to move less often 

when feeding or finding a resting location. This effect, however, is likely weakened or 

absent in captivity. The relationship between age and activity was again significant but 

somewhat weak, leading to the conclusion that other factors aside from age alone may 

impact activity levels. Energy expenditure due to movement, measured by proxy as 

ODBA, showed a similar pattern to activity time when binning age classes. Old 

individuals spent less energy during movement than adults, which may indicate some 
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degree of physical aging. Energy expenditure differed from activity time in that linear 

regression indicated the lack of a significant relationship between age and ODBA. 

Energy expenditure, like activity, is influenced by many physical and non-physical 

factors, making straightforward interpretation of these results difficult.  

Some notable limitations of this study are that the sample structure is considerably 

unbalanced, and data were collected over a wide time span on different models of 

accelerometer. Much of the data collected are concentrated on adult animals from 4-17 

years old. This is largely a matter of convenience, as the majority of animals at the Duke 

Lemur Center fall within the adult age range, and older animals sometimes have 

limitations on when they can be handled for instrumentation and/or free-ranged. There is 

also a concentration of sampling intensity on a few of the individuals within this sample, 

with several individuals accounting for ~3-8 hours of data each and others surpassing 50 

or up to 80 hours in the most extreme example. Additionally, while care was taken to 

make acceleration data from various sensor models as standardized as possible, there is 

likely still some inherent variation due to hardware differences specific to each model. 

Future work would benefit from a direct focus on evenly sampling across ages and 

standardizing the duration and mode of data collection as much as possible. Sampling 

each age category with similar intensity would better determine whether differences are 

due to inter-individual variability or truly a reflection of physical senescence. Similarly, 

standardizing the duration of collection (e.g., over one 8-hour day) would make for better 

comparisons as each session represents a similar temporal span. In addition, thorough and 

consistent behavioral data may help to better distinguish the effects of physiology, 

behavior, or social group dynamics.  
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Despite its limitations, this study is among the first to provide evidence of physical 

senescence in Propithecus coquereli, though weak in many cases. Previous laboratory-

based work (Snyder & Schmitt 2018), as well as the present study, suggest that peak 

force/accelerations do not decrease with age. This is likely due to the need to produce 

sufficient locomotor force and sustain the subsequent impacts involved in performing the 

leaps necessary for VCL locomotion. With respect to the number and frequency of 

locomotor impacts and overall activity, it appears that there is some degree of “slowing 

down” among older individuals. It cannot, however, be ruled out that this is (at least in 

part) due to non-physiological factors. Aging P. coquereli individuals, though 

reproductively active for the entire lifespan, may be subjected to somewhat weakened 

selective pressure to maintain locomotor function in advanced age. This may lead to 

slight declines in performance, which is supported by the fact that reproduction is 

attempted but with considerably reduced success when individuals surpass age ~20 

(Richard et al. 2002). Contrary to the prediction that P. coquereli does not undergo 

detectable physical aging, the results presented herein suggest that P. coquereli does 

experience locomotor senescence, though to a relatively small degree. This work 

provides a baseline for further aging research within Propithecus, as well as a preliminary 

dataset for comparison among other primate species. 
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