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Abstract
Objectives: In this study, we explore whether ground reaction forces recorded during horizontal

walking co-vary with the shape of the long bones of the forelimb in strepsirrhines. To do so, we

quantify (1) the shape of the shaft and articular surfaces of each long bone of the forelimb,

(2) the peak vertical, mediolateral, and horizontal ground reaction forces applied by the forelimb

during arboreal locomotion, and (3) the relationship between the shape of the forelimb and peak

forces.

Materials and methods: Geometric morphometric approaches were used to quantify the shape

of the bones. Kinetic data were collected during horizontal arboreal walking in eight species of

strepsirrhines that show variation in habitual substrate use and morphology of the forelimb.

These data were then used to explore the links between locomotor behavior, morphology, and

mechanics using co-variation analyses in a phylogenetic framework.

Results: Our results show significant differences between slow quadrupedal climbers (lorises),

vertical clinger and leapers (sifaka), and active arboreal quadrupeds (ring-tailed lemur, ruffed

lemur) in both ground reaction forces and the shape of the long bones of the forelimb, with the

propulsive and medially directed peak forces having the highest impact on the shape of the

humerus. Co-variation between long bone shape and ground reaction forces was detected in

both the humerus and ulna even when accounting for differences in body mass.

Discussion: These results demonstrate the importance of considering limb-loading beyond just

peak vertical force, or substrate reaction force. A re-evaluation of osseous morphology and

functional interpretations is necessary in light of these findings.
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1 | INTRODUCTION

It has long been argued that the mechanical demands of different loco-

motor modes impact the shape and design of the musculoskeletal system

(see Smith & Savage, 1956; Biewener, 1983a, 2005 for a review). It is

widely assumed that limb long bone shape has evolved to resist and

transfer mechanical loads during locomotion (Currey, 2002) while avoid-

ing mechanical failure. But the specific aspects of loading (i.e., peak force,

impulse, frequency, strain rate) and the specific cellular physiology that

drive bone formation remain an area of considerable contention (see

Huiskes & van Rietbergen, 2005; Lanyon & Rubin, 1985; Ruff, Holt, &

Trinkaus, 2006; Schmitt, Zumwalt, & Hamrick, 2010; Hylander &

Johnson, 1997 for general reviews and those specific to small mammals

and primates). This is an area of research that is vital to

paleoanthropology, as establishing mechanical relationships between

form (bone shape) and the external environment (loading in this case) are

essential to reconstructing behavior in extinct primates (Arnold, 1983).

During locomotion, limb bones are subject to external forces

including substrate reaction forces and muscle forces. Previous stud-

ies have shown that variation in bone architecture and shape

(Alexander, 1980, 1996; Currey, 2002; Fabre, Marigó, Granatosky, &

Schmitt, 2017; Hildebrand, 1985; Lee & Lanyon, 2004; Lieberman &

Pearson, 2001; Smith & Savage, 1956) reflect aspects of locomotor

behavior. However, the link between the shape of the bone and exter-

nal forces acting on it during locomotion remains poorly understood,

in part because few prior studies have included explicit comparisons

of both sets of data. In addition, during ontogeny and throughout an

animal's life, bone is modeled and remodeled. It has been argued that
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remodeling reflects the stresses caused by torsion and bending during

locomotion (Allan, Cassey, Snelling, Maloney, & Seymour, 2014; Burr,

2002; Currey, 2003; Lee, Staines, & Taylor, 2003; Lieberman, Pearson,

Polk, Demes, & Crompton, 2003; Main & Biewener, 2004; Robling,

Castillo, & Turner, 2006; Robling, Hinant, Burr, & Turner, 2002). Fur-

thermore, it has been argued that phylogeny may have as large or pos-

sibly a larger influence than external forces on at least some aspects

of limb bone shape (Walmsley et al., 2012). Thus, the association

between bone shape and external factors remains complex and it is

not always clear to what degree overall bone shape is influenced by

external forces in the adult animal, behavioral changes over ontogeny

that lead to differences in external forces, and/or phylogeny.

Although there is extensive debate about the factors that influ-

ence bone anabolism (e.g., Bertram & Swartz, 1991; Main & Biewener,

2007; Martin & Burr, 1982; Rubin, Gross, Donahue, Guilak, & McLeod,

1994), it is clear that ground reaction forces generated during locomo-

tion play an important role in the overall loading environment for any

long bone (Bertram & Biewener, 1988; Biewener, 1983a; Rubin &

Lanyon, 1984). But there remain good theoretical and empirical rea-

sons to be skeptical of the simplistic assumption of a straight-forward

relationship, independent of phylogeny, between bone shape and

loading pattern (Huiskes & van Rietbergen, 2005; Lanyon & Rubin,

1985). This is in part because of a lack of strict phylogenetically con-

trolled associations and information on how loading influences bone

shape at a cellular level. This study addresses the first part of that

problem. Although, numerous studies of large and medium-sized ani-

mals such as horses, dogs, and primate have provided important

insights into the relationship between bone strength and loading

(Biewener, 1982, 1983a, 1983b, 1989, 1991; Blob & Biewener, 2001;

Budsberg, Verstraete, & Soutas-Little, 1987; Carlson, Demes, & Franz,

2005; Demes et al., 1998; Demes, Qin, Stern, Larson, & Rubin, 2001;

Merkens, Schamhardt, van Osch, & Bogert, 1993a; Merkens, Scham-

hardt, van Osch, & Hartman, 1993b; Riggs, Vaughn, Evans, Lanyon, &

Boyde, 1993), no studies have examined a wide variety of locomotor

modes in a phylogenetic context and included the actual forces

engendered during movement.

To fill this critical gap and to contribute to an understanding of

form-function relationships in extant and extinct primates, we exam-

ine the relationship between the shape of the long bones of the fore-

limb and the peak external forces acting on them during arboreal

locomotion (walking on a horizontal pole) in a comprehensive sample

of strepsirrhine primates. This group provides an ideal sample for a

study of this kind because they utilize a wide array of arboreal and ter-

restrial substrates (Fleagle, 2013; Oxnard, Crompton, & Lieberman,

1990). Additionally, they display broad variation in the use and mor-

phology of the forelimb (Gebo, 1987; Martin, 1974) ranging from

quadrupeds that move often on the ground (ring-tailed lemur) to those

that are exclusively arboreal (e.g., brown lemurs, aye-ayes, and ruffed-

lemurs), to those that are vertical clinger and leapers (sifakas, bamboo

lemurs), and others that are habitually slow, suspensory climbers (lori-

sids). Here, locomotor peak forces during arboreal quadrupedal loco-

motion are compared. Arboreal quadrupedal locomotion is a

locomotor type used by all species in this sample and is often consid-

ered the basal locomotor mode for primates (Hunt et al., 1996; Rose,

1973). Furthermore, it is well-characterized mechanically in primates

(Demes et al., 1994; Franz, Demes, & Carlson, 2005; Granatosky,

Tripp, & Schmitt, 2016a; Hildebrand, 1967; Kimura, Okada, & Ishida,

1979; Larson, Schmitt, Lemelin, & Hamrick, 2000; O'Neill & Schmitt,

2012; Schmitt, 1999; Vilensky & Larson, 1989). However, little is

known about the quadrupedal movements of primates that regularly

engage in other, more specialized, forms of locomotion (e.g., leaping

or suspensory locomotion, but see Granatosky, Tripp, & Schmitt,

2016a and Granatosky & Fitzsimons, 2017), or have specialized mor-

phology that could influence quadrupedal gait characteristics

(e.g., long hind limbs, elongated and often slender digital rays; Kra-

kauer et al., 2002; Kivell et al., 2010). Thus, we are asking how varia-

tion in single limb peak substrate reaction forces during arboreal

quadrupedal locomotion affects forelimb long bone shape in primates.

From a simple anatomical and mechanical perspective, it is rea-

sonable to expect that peak forces on the forelimb during locomotion

will impact all three-upper limb long bones. Moreover, we predict that

vertical peak forces, rather than fore-aft or mediolateral forces, will

have the highest impact on the robusticity and the shape of the fore-

limb long bones during locomotion on horizontal branches (Riskin,

Bertram, & Hermanson, 2005). This is because vertical force tends to

be the highest contributor to overall substrate reaction forces (Demes

et al., 1994). Therefore, we expect peak vertical force and bone shape

to vary in predictable ways in association with both body mass and

locomotor specialization. It is also possible that variation in fore-aft or

mediolateral forces may also be related to limb bone shape, but pre-

dictions are more difficult to make due to our lack of understanding of

the variation and magnitude of these forces during horizontal branch

walking (Carlson et al., 2005; Schmitt, 2003; Granatosky, Fitzsimons,

Zeininge & Schmitt, 2018). Alternatively, the different locomotor

modes (e.g., slow-quadrupedal walking, vertical clinging and leaping,

active arboreal quadrupedalism) of the species included in our study

may drive limb shape to a greater extent than the peak forces. For

example, the body form associated with habitual locomotor behavior

like vertical clinging and leaping may influence the ground reaction

forces during quadrupedal branch walking (Granatosky, Tripp, Fabre, &

Schmitt, 2016b). Phylogenetic history may be an additional and rele-

vant confounding factor. With all of this in mind, we explore co-

variation between limb long bone shape and ground reaction forces

while taking phylogeny and habitual locomotor mode into account.

2 | MATERIAL AND METHODS

2.1 | Osteological sample and data collection

The morphological data set is composed of the humerus, ulna, and

radius from 35 individuals belonging to one species of Daubentonii-

dae, one species of Indriidae, four species of Lemuridae, and two spe-

cies of Lorisidae (Table 1, Supporting Information Table S1). For each

species, the number of osteological specimens ranged from 2 to

6 (Table 1). In most cases, osteological specimens were of wild caught

origin, and equal numbers of males and females were included where

possible. Specimens were obtained from the collection of the Anato-

mie Comparée, Muséum National d'Histoire Naturelle (MNHN), Paris,

France (See Supporting Information Table S1 for a complete list of the
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specimens used in the analyses). Bones were digitized using a Breuck-

mann 3D surface scanner at the MNHN, Paris. This surface scanner

allows the acquisition of 3D surface of the bone using white light

fringes (StereoSCAN3D model with a camera resolution of

5 megapixels).

2.1.1 | Subjects and kinetic data collection

In addition, data on peak vertical forces were collected for the same

species (Table 1). Adult individuals of Loris tardigradus, Nycticebus

pygmaeus, Eulemur mongoz, Daubentonia madagascariensis, Propithecus

coquereli, Hapalemur griseus, Lemur catta, and Varecia variegata were

used in this study (Table 1). All data were gathered from animals

housed at the Duke Lemur Center (Durham, NC).

All procedures were approved by the appropriate institutional

IACUCs (Duke: A104-09-03; A130-07-05, A270-11-10). The data col-

lection procedures have been described extensively elsewhere

(Demes et al., 1994; Granatosky, Tripp, & Schmitt, 2016a; Schmitt &

Hanna, 2004; Schmitt & Lemelin, 2002; Schmitt & Lemelin, 2004) and

will be simply summarized here. Subjects were encouraged by a food

reward to walk on a pole raised above and firmly attached to the floor

of the enclosure. The pole varied in diameter between 1.27 and

3.18 cm (Table 1) and was at least 4 m long. Pole diameters were cho-

sen on the basis of previously published studies (Granatosky, Tripp, &

Schmitt, 2016a; Hanna, Granatosky, Rana, & Schmitt, 2017), which

generally attempt to use the smallest pole the animals will utilize

(Schmitt & Hanna, 2004). A short middle section of the pole, wide

enough for a single hand contact, was instrumented with a force

transducer (MC3A-6®; AMTI, Watertown, MA), or force transducers

(9317B; Kistler, Amherst, NY), following Schmitt and Hanna (2004)

and Granatosky, Tripp, and Schmitt (2016a), which recorded ground

reaction forces in three orthogonal directions. As the animals moved

across the pole, they were video recorded using cameras (A602f; Bas-

ler AG, Ahrensburg, Germany, Sony Handycam, or GoPro Hero3+) at

60–120 frames per second [see Granatosky, Tripp, Fabre, & Schmitt,

2016b for information on data collection with GoPro cameras]. Only

trials in which the animal was traveling in a straight path and not

accelerating or decelerating (i.e., steady-state locomotion) throughout

the walking trial, in which a full forelimb contacted the instrumented

pole, and which exhibited a symmetric footfall sequence were

retained for analysis. From these data, five variables were calculated

for each limb: (1) vertical peak force; (2) propulsive peak force;

(3) braking peak force; (4) medially directed peak force; and (5) laterally

directed peak force (Supporting Information Table S2). For all data,

steady-state locomotion was determined by a combination of video-

recording and force traces following the methods of Granatosky,

Tripp, and Schmitt (2016a; Granatosky, Tripp, Fabre, et al., 2016b),

Schmitt and Lemelin (2002) and Schmitt and Hanna (2004). For all tri-

als, symmetry was determined using the methods of Cartmill, Lemelin,

and Schmitt (2002), with a �10 criterion such that the timing of oppo-

site limb touchdown could vary between 40 and 60% of the stride

cycle (50% indicates the timing of opposing limbs is exactly 1/2 of the

cycle).

2.1.2 | Data processing for kinetic data

Force data were converted from raw voltage data to Newtons for

each transducer. The force transducers were calibrated daily using a

known mass before or after data collection. Forces were then filtered

using a low-pass, 2-way Butterworth or Fourier filter with a 60 Hz

cutoff. Cameras were calibrated for distance using a known length in

the view of the camera in the same plane as the animal was moving.

Speed was determined from this calibration as the average velocity of

the animal over the view of the camera, by the position of the head

marker from the initial view in the cameras to the last view in the cam-

era (Supporting Information Table S2). Contact time was determined

as the time each hand or foot was in contact with the instrumented

pole. For all analyses described below, we used the absolute value of

each of the peak forces collected.

2.1.3 | Quantification of shape using 3D geometric
morphometrics

The shape of each forelimb long bone is complex and cannot be accu-

rately represented using a traditional landmark based approach (Fabre

et al., 2013b; Fabre et al., 2015b; Fabre et al., 2017; Fabre, Cornette,

Goswami, & Peigné, 2015a; Fabre, Cornette, Peigné, & Goswami,

2013a; Fabre, Goswami, Peigné, & Cornette, 2014). Consequently, a

3D sliding-semilandmark procedure (Bookstein, 1997; Gunz, Mitter-

oecker, & Bookstein, 2005) was used in addition to standard anatomi-

cal landmarks to quantify their morphology, and especially their

articulations and diaphyses. Through this procedure, sliding-

semilandmarks slide on surfaces and curves and are transformed into

geometrically (i.e., spatially) homologous landmarks that can be used

to compare shapes (Parr et al., 2012). Semilandmarks are allowed to

slide along the curves and surfaces that are predefined while minimiz-

ing the bending energy. Anatomical landmarks and sliding-

TABLE 1 Specimens used in the analyses with family, species name, and number of individuals included in the shape analysis (Ns) and in the

kinetic analysis (Nk)

Family Species Locomotor behavior Ns Nk
Substrate
diameter (cm)

Daubentoniidae Daubentonia madagascariensis Active quadrupedalism 4 2 3.18

Indriidae Propithecus coquereli Vertical clinging and leaping 5 3 3.18

Lemuridae Eulemur mongoz Active quadrupedalism 4 3 3.18

Hapalemur griseus Vertical clinging and leaping 6 2 2.54

Lemur catta Active quadrupedalism 5 3 3.18

Varecia variegata Active quadrupedalism 5 3 3.18

Lorisidae Loris tardigradus Slow-climbing quadrupedalism 3 2 1.27

Nycticebus pygmaeus Slow-climbing quadrupedalism 3 3 1.27
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semilandmark of curves were obtained from 3D surface scans of each

bone using the software package Idav Landmark (Wiley et al., 2005),

while the library “Morpho” (Schlager, 2013) in R (Hornik, 2015) was

used to perform the sliding-semilandmark procedure. To do so, we

first created a template for each long bone following the method of

Cornette, Baylac, Souter, and Herrel (2013) with 27 anatomical land-

marks, 99 sliding-semilandmarks on curves and 265 sliding-

semilandmarks on surfaces for the humerus (Fabre et al., 2017);

25 anatomical landmarks, 97 sliding-semilandmarks on curves, and

311 sliding-semilandmarks on surfaces for the ulna (Fabre et al.,

2017); 21 anatomical landmarks, 49 sliding-semilandmarks on curves,

and 252 sliding-semilandmarks on surfaces for the radius (Fabre et al.,

2017). Based on the homologous landmarks and curves taken on the

specimen, all the sliding-semilandmarks (curve and surface sliding-

semilandmarks) of the template are projected onto the new specimen

using a thin plate spline deformation (Gunz & Mitteroecker, 2013). All

these steps were performed using the library “Morpho” (Schlager,

2013) that follows the algorithm of Gunz et al. (2005), which is imple-

mented in R (Hornik, 2015). After projection four thin-plate spline

relaxations were performed, the first relaxation was performed against

the template, and the three others against Procrustes consensus cal-

culated using the data from the previous iteration. Both sliding and

relaxation are repeated iteratively until the bending energy is mini-

mized (Schlager, 2013). After this operation has been performed, the

landmarks of all specimens can be compared using traditional geomet-

ric morphometric methods.

Once all landmark data were obtained, a generalized Procrustes

superimposition (Rohlf & Slice, 1990) was performed using the library

“Geomorph” (Adams & Otarola-Castillo, 2013) in R (Hornik, 2015).

Finally, a mean shape was calculated for each species using the Pro-

crustes coordinates. This mean shape was then used in all subsequent

analyses.

2.1.4 | Methods for analysis of the effect of body mass on
bone shape and peak forces

In order to assess the effect of the body mass on the shape of the

forelimb as well as on the peak forces, a regression of the

log10-transformed body mass on the shape of the forelimb, as well as

on the peak forces was performed. To do so, the “ProcD.lm” function

of the “Geomorph” (Adams & Otarola-Castillo, 2013) library in R

(Hornik, 2015) was used. Next, Procrustes coordinates (body mass

free-shape) as well as peak forces (residuals of the peak forces) of

each species were obtained. The body mass of each animal was

obtained just before each trial. A mean body mass was calculated per

species. For this study, we decided to use the in vivo body masses

because they are highly correlated with the size of the bones of the

museum specimens (see Supporting Information document S3 for fur-

ther analyses documenting correlations between body mass estimates

from different sources). In addition, we also explore linear measures

taken on the specimens used for the in vivo study as an alternative

estimate of size. Most correlations are significant and overall, we

obtain similar results using both types of body mass estimates sug-

gesting that this analysis is robust (see the results in Supporting Infor-

mation document S3).

2.1.5 | Methods for correlation between velocity and peak
forces

Because the speed of locomotion can also affect the peak forces

(Demes et al., 1994), we tested for correlations between locomotor

velocity and the substrate reaction forces using the “cor.test” function

in R (Hornik, 2015).

2.1.6 | Methods for analysis of covariance

A traditional analysis of covariance (ANCOVA) using Type III sums of

squares with log10-transformed body mass as a covariate was used to

test whether species with different locomotor behaviors differ in the

pattern of locomotor forces independent of variation in body mass.

We defined three categories of locomotor behaviors following Anem-

one's (1993) and Gebo's (1993) definitions: active arboreal quadru-

pedalism, slow-climbing quadrupedalism, and vertical clinging and

leaping (Table 1). When the co-variate was not significant, we per-

formed a traditional analysis of variance (ANOVA) on peak forces with

associated post hoc test to determine if species with different loco-

motor behaviors differ from another in loading regime. A Bonferroni

correction was applied to the post-hoc tests to correct for multiple

testing. All the analyses were performed in R (Hornik, 2015).

2.1.7 | Methods for assessing the effect of phylogeny on
bone shape and peak forces

The phylogenetic tree of strepsirrhines used in our analyses is based

on Herrera and Dávalos (2016). This is a time-calibrated maximum

clade credibility phylogeny (Herrera & Dávalos, 2016). It uses 421 mor-

phological, 5,767 protein-coding molecular characters as a backbone.

Full details of the phylogenetic reconstruction and the tree are pro-

vided in Herrera and Dávalos (2016). This tree was pruned to include

only the species included in our analysis and used in all subsequent

comparative analyses with branch lengths proportional to

geological time.

To estimate the phylogenetic signal a univariate Pagel's λ

(1999) was calculated for each peak force, the log10 of body mass,

and on the first three principal component (PC) axes (accounting

for more than 90% of the overall variance: humerus: PC1 = 69.30%,

PC2 = 15%, PC3 = 6.91%; ulna: PC1 = 72.39%, PC2 = 12.35%,

PC3 = 9.83%; radius: PC1 = 63.15%, PC2 = 22.53%, PC3 = 5.25%)

for each long bone of the forelimb using the function “phylosig” in

the “phytools” library (Revell, 2012) in R (Hornik, 2015).

2.1.8 | Methods for analysis of covariation between
forelimb shape and peak forces using two-block partial least
squares

To quantify co-variation between each of the long bones of the fore-

limb and the peak forces used by animals during locomotion, we used

2B-PLS approaches (Rohlf & Corti, 2000) implemented in the library

Geomorph (Adams & Otarola-Castillo, 2013) in R (Hornik, 2015). This

method allows us to study co-variation between peak forces and the

shape of each bone of the forelimb. In this method a covariance

matrix is calculated from two blocks representing the variation of the

two objects (peak forces—humerus shape, peak forces—ulna shape,

and peak forces—radius shape). Two-block partial least square
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analyses allow exploration of the patterns of covariation by a reduc-

tion of dimensionality of the data, generating axes that explain the

covariance between the shape and the peak forces. Compared to a

PCA, a PLS yields axes that are ordered from the pair that explains the

maximum of covariance to the minimum of covariance for each pair of

block, and each set of axes are orthogonal (Zelditch, Swiderski, &

Sheets, 2012). Principal component analysis differs from 2B-PLS by

the fact that the first examines the variance within a block whereas

the second examines the covariance between two blocks. Two-block

partial least squares analysis employs a mathematical technique called

“Singular Value Decomposition” (SVD) which is a decomposition by

eigenanalysis (eigen-decomposition) that extracts principal compo-

nents from the variance–covariance matrix and partial warps

(or vectors) from the bending-energy matrix (Zelditch et al., 2012).

Thus, patterns of covariance between two blocks can be explored and

PLS axes can be plotted, helping us to understand the co-variation

between the peak forces and the shape of each long bones of the

forelimb. Finally, a PLS coefficient of correlation between the two

blocks of the PLS scores (rPLS) is calculated allowing to estimate the

degree of co-variation between the shape of the long bones and peak

forces. The singular values were calculated by singular value decom-

position of the covariance matrix following Rohlf and Corti (2000).

PLS coefficient significance is calculated by comparing the singular

value decomposition of the common covariance block to those

obtained from permuted blocks. In the current study, the PLS coeffi-

cient was calculated using the function “pls2b” in R (Hornik, 2015)

using the “Morpho” library (Schlager, 2013) following the method PLS

(Bookstein et al., 2003). This function uses 3D landmark data after

superimposition and performs an analysis which is referred to as sin-

gular warps analysis (Bookstein et al., 2003). A significance test is

obtained by 1,000 permutations of the landmarks in one block relative

to those of the first log10-transfromed of the peak forces in the other.

Then a sampling distribution of coefficients is obtained by resampling.

The p95 value is calculated by comparison of the observed PLS coeffi-

cient to those obtained after resampling. The significance of each lin-

ear combination is assessed by comparing the singular value (PLS

coefficient) to those obtained from permuted blocks. If the PLS coeffi-

cient is higher than those obtained from permutated blocks, then its

associated p95 value is considered as significant.

Because species share part of their evolutionary history, they can-

not be treated as independent data points. Thus, we also conducted

all analyses in a phylogenetic framework (Felsenstein, 1985; Harvey &

Pagel, 1991) using the phylogeny described above. We use the “phylo.

integration” function (Adams & Felice, 2014) in R using the Geomorph

library (Adams & Otarola-Castillo, 2013). This function allows quantifi-

cation of the degree of co-variation between the mean long bone

shape of each species and the peak forces while accounting for phy-

logeny using a partial generalized least squares algorithm under a

Brownian motion model of evolution (Adams & Felice, 2014). A matrix

of evolutionary covariance is obtained, on which the “SVD” (singular

value decomposition) is performed. It consists of the eigen-

decomposition of this phylogenetic covariance matrix. From this step

evolutionary PLS scores are calculated from the two blocks of phylo-

genetically corrected data and the evolutionary correlation between

the two blocks of the PLS scores (rPLS) is evaluated. PLS correlation

significance is assessed using phylogenetic permutation, where the

shape or the peak force values for all species for one block are permu-

tated on the tips of the phylogeny. The derived correlation scores are

obtained from the permutated datasets and can be compared to the

observed value.

2.1.9 | Shape visualization at each extreme of the 2B-PLS
and phylogenetic 2B-PLS axes

Shape visualization of the effect of peak forces on each long bones of

the forelimb was performed using the “plsEffects,” “warp. mesh,” and

“shade3d” functions of the “rgl” (Adler & Murdoch, 2012) and “Morpho”

(Schlager, 2013) libraries functions in R (Hornik, 2015) and involved a

thin-plate spline deformation of the 3D-scanned long bones of a Lemur

catta. This function allows visualization of the shape at each extreme of

the 2B-PLS axis, and thus to evaluate the kind of shape associated with

the peak forces.

2.1.10 | Analysis of the influence of peak forces on
forelimb shape

To test the effect of each peak force on the shape of each long bone

separately (humerus, radius, and ulna), a regression was performed

using “procD.lm” function in the geomorph library (Adams & Otarola-

Castillo, 2013) in R (Hornik, 2015). To test the impact of each peak

force on the shape of each bone separately, taking into account body

mass, a regression was performed on the body mass free residuals of

shape and peak forces. Finally, these analyses were performed in a

phylogenetic framework to take into account the effect of the phylog-

eny, using the generalized partial least square (PGLS) method. A gen-

eralized partial least square was performed to test the effect of each

peak force (and also the residuals) on the shape of each long bone

(and residuals) separately while taking into account the phylogeny

using the “procD.pgls” function of the “geomorph” library in R

(Hornik, 2015).

3 | RESULTS

3.1 | Correlation between peak forces and
locomotor velocity

No correlation was found between velocity and the vertical (t = 1.16,

p = .28), fore-aft (braking: t = 0.63, p = .54; propulsive; t = 2.08,

p = .08) or mediolateral peak forces (medially directed: t = 1.2, p = .24;

laterally directed: t = 1.6, p = .16).

3.2 | Differences in peak forces between species
with different locomotor behaviors

Body mass was a significant covariate for the braking, medially

directed, and vertical peak forces (braking: F1,4 = 12.84, p = .03; pro-

pulsive: F1,4 = 0.15, p = .7; medially directed: F1,4 = 16.7, p = .01; later-

ally directed: F1,4 = 6.8, p = .06; vertical: F1,4 = 114.8, p = .0004). An

analysis of covariance was performed on the braking, medially

directed, and vertical peak forces and showed that species with differ-

ent habitual locomotor behaviors do not differ in peak forces (braking:

606 FABRE ET AL.



F2,4 = 0.27, p = .78; medially directed: F2,4 = .066, p = .94; vertical:

F2,4 = 2.19, p = .23). ANOVAs and associated post-hoc tests were per-

formed on the propulsive and laterally directed peak forces given that

the co-variate (body mass in this case) was not significant. These tests

showed that laterally directed peak force does not differ depending

on locomotion mode. However, propulsive peak forces differ depend-

ing on habitual locomotor behaviors (F2,5 = 16.45, p = .006). Post-hoc

tests show this difference is significant between active arboreal quad-

rupeds (relatively high propulsive peak forces) and slow quadrupedal

species (relatively low propulsive forces) (p = .007, significant after

Bonferroni correction).

3.3 | Phylogenetic signal

There is a significant phylogenetic signal in the first principal component

(PC) axis describing the shape of each long bone of the forelimb

(humerus PC1: Pagel's λ = 0.99, p = .047) in the third PC describing the

shape of the ulna (ulna PC3: Pagel's λ = 0.99, p = .04) and in the second

PC describing the shape of the radius (radius PC2: Pagel's λ = 0.99,

p = .01). Otherwise, there is no phylogenetic signal in any of the other

PCs describing the shape of each long bone of the forelimb (humerus

PC2: Pagel's λ = 0.99, p = .26; humerus PC3: Pagel's λ = .00006, p = 1;

ulna PC1: Pagel's λ = 0.99, p = .08; ulna PC2: Pagel's λ = .00006, p = 1;

radius PC1: Pagel's λ = 0.99, p = .30; radius PC3: Pagel's λ = .00006,

p = 1). The results are also not significant for the peak forces (braking:

Pagel's λ = 0.85, p = .19; propulsive: Pagel's λ = 0.99, p = .06; medially

directed: Pagel's λ = 0.99, p = .051; laterally directed: Pagel's λ = 0.99,

p = .15; vertical: Pagel's λ = 0.99, p = .1). But there is a tendency for sig-

nificant phylogenetic signal in body mass (Pagel's λ = 0.99, p = .052).

Note, however, that our data set is small and that previous analyses

incorporating a larger sample of species did find a significant phyloge-

netic signal (Fabre et al., 2017).

3.4 | Effect of body mass on the peak forces and the
shape of the long bones of the forelimb

Body mass impacts all the peak forces (braking: R2 = 0.920, p = .001;

propulsive: R2 = 0.570, p = .018; laterally directed: R2 = 0.860,

p = .002; medially directed: R2 = 0.950, p = .001; vertical: R2 = 0.970,

p = .001; Table 2). These results are still significant even when

accounting for phylogeny for the vertical peak force (R2 = 0.955,

p = .001; Table 2), for the braking peak force (R2 = 0.770, p = .001;

Table 2), and for the mediolateral peak forces (laterally directed:

R2 = 0.603, p = .011; medially directed: R2 = 0.770, p = .004; Table 2).

However, the results for the propulsive peak force are not significant

anymore when accounting for phylogeny (propulsive: R2 = 0.220,

p = .172; Table 2). The results of the regressions of the log10 body

mass on the shape of the long bones are significant for the humerus

and the radius (Humerus: R2 = 0.54, p = .009; Ulna: R2 = 0.490,

p = .011; Radius: R2 = 0.4, p = .03; Table 3). These results are not sig-

nificant when the phylogeny is taken into account (Humerus:

R2 = 0.240, p = .084; Ulna: R2 = 0.260, p = .086; Radius: R2 = 0.220,

p = .081; Table 3).

3.5 | Regression analysis testing the associations of
peak forces on the shape of each long bone of the
forelimb

3.5.1 | Association of each peak force on the shape of the
long bones of the forelimb

The results of the regression analyses testing the effect of the peak

forces on the shape of each long bone of the forelimb are all signifi-

cant (Table 4). When accounting for the influence of phylogeny, only

the propulsive and medially directed peak forces impact the shape of

the humerus; the propulsive, medially directed, and laterally directed

peak forces also impact the shape of the ulna and the radius (Table 4).

3.5.2 | Associations of the residuals of the peak forces on
the residuals of the shape of each long bone of the forelimb

The results of the regression analysis testing the impact of the resid-

uals of the peak forces on the residuals of shape, as a method to con-

trol the effect of body size, are only significant for the propulsive

force and the humerus (Table 4). When accounting for the influence

of phylogeny, the propulsive force impacts the shape of both the

humerus and the ulna (Table 4).

3.6 | Co-variation between each long bone of the
forelimb and peak forces

3.6.1 | Humeral shape and peak forces

There is strong co-variation between the humeral shape and aspects

of the peak forces even when body mass is taken into account

(Figure 1, Table 5). However, the co-variation is not significant any-

more when the phylogeny is taken into account (Table 5). The scatter-

plot of the traditional 2B-PLS (Figure 1a) differentiates slow-climbing

quadrupedal lorises (Loris and Nycticebus along the negative part of

the axis) from active arboreal quadrupeds (Varecia, Daubentonia and

Eulemur along the positive part of the axis) and vertical clinger leapers

(Hapalemur and Propithecus along the positive part of the axis). Slow-

climbing quadrupedal species display a low fore-aft peak force

TABLE 2 Results of the regression analyses testing for the effect of

the log10 of body mass on the log10 of peak forces

Regression Phylogenetic regression

Peak force R2 p Value R2 p Value

X braking 0.920 .001 0.770 .001

X propulsive 0.570 .018 0.220 0.172

Y lateral 0.860 .002 0.603 .011

Y medial 0.950 .001 0.770 .004

Z vertical 0.970 .001 0.955 .001

TABLE 3 Results of the regression analysis testing the effect of the

log10 of body mass on the shape of each long bone of the forelimb

Regression Phylogenetic regression

Bone R2 p Value R2 p Value

Humerus 0.540 .009 0.240 .084

Ulna 0.490 .011 0.260 .086

Radius 0.400 .030 0.220 .081

Significant results are indicated in bold.
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associated with a relatively gracile, straight, and elongated humerus

with a lateral crest that is not well developed, a distal articulation with

a wide and round capitulum in comparison to the trochlea that is nar-

row and deep, and a humeral head that is oriented proximally

(Figure 1a). In contrast, active arboreal quadrupeds and vertical clinger

and leapers display a high fore-aft peak force (with a higher braking

than propulsive force), a moderately high vertical peak force and, a

high medially directed peak force and a relatively low laterally directed

peak force that are associated with a relatively robust, curved and

short humerus with a well-developed lateral crest, a distal articulation

with a small capitulum in comparison to the trochlea that is elongated

and shallow, and a humeral head that is oriented medially (Figure 1a).

In addition, when the effect of body mass is taken into account

(Figure 1b) the larger vertical clinger and leaper (Propithecus) and the

smaller slow-climbing quadrupedal loris (Loris) are positioned together

along the negative side of the axis while the active arboreal quadrupe-

dal lemurs (Eulemur, Varecia, Daubentonia, Lemur), the small vertical

clinger and leaper (Hapalemur) and the big slow-climbing quadrupedal

species (Nycticebus) are positioned toward the positive side of the

axis. Species at the negative side of the axis display a medium braking

peak force and relatively low other peak forces associated with a

humeral shape that is relatively gracile, with a lateral crest that runs

until one third of the length of the diaphysis, a distal articulation with

a wide and round capitulum in comparison to a narrow trochlea. In

opposition, species at the positive part of the axis display high propul-

sive peak force associated with a humeral shape that is relatively

robust, a lateral crest that runs about midway the diaphysis, and a dis-

tal articulation with a small capitulum in comparison to the trochlea

that is elongated (Figure 1b).

3.6.2 | Ulnar shape and peak forces

There is co-variation between the ulnar shape and peak forces

(Figure 2 and Table 5). However, there is no co-variation when body

mass and phylogeny are taken into account (Table 5).

The scatterplot of the traditional 2B-PLS between the ulnar shape

and peak forces (Figure 2) is similar to the previous analysis of peak

forces (Figures 1 and 2) and tends to differentiate the slow-climbing

quadrupedal lorises at the negative side from the active arboreal

quadrupeds and vertical clinger and leapers at the positive side. Slow-

climbing quadrupedal species display lower than expected peak forces

in association with a relatively gracile and antero-posteriorly curved

ulna, with a short olecranon, a narrow proximal articulation, a distal

radial notch that is ventrally oriented and a small styloid process

(Figure 2). In contrast, active arboreal quadrupeds show high fore-aft

and vertical peak forces associated with a relatively robust and medio-

laterally curved ulna with an elongated olecranon, a wide proximal

articulation, a medially well-developed lateral interosseous crest, a dis-

tal radial notch that is anteriorly oriented, and a wide styloid process

(Figure 2).

3.6.3 | Radial shape and peak forces

Strong co-variation was observed between the radial shape and peak

forces (Figure 3 and Table 5). Nevertheless, there is no co-variation

when accounting for phylogeny and body mass (Table 5).

The scatterplot of the traditional 2B-PLS (Figure 3) differentiates,

as it did for the humerus and ulna, active arboreal quadrupeds at the

negative side of the axis from the slow-climbing quadrupedal lorises

at the positive side. Active arboreal quadrupeds and vertical clinger

and leapers species show a high braking and medially directed peak

forces and rather high propulsive, laterally directed and vertical forces.

These forces are associated with a relatively robust and medio-

laterally curved radius, with a wide proximal articulation with a narrow

lip, a distal radial notch that is anteriorly oriented, and a prominent

styloid process (Figure 3). In contrast, slow-climbing quadrupedal spe-

cies display low peak forces in association with a relatively gracile and

antero-posteriorly curved radius, with a narrow proximal articulation

with a wide lip, a distal radial notch that is dorsally oriented, and a

small styloid process (Figure 3).

TABLE 4 Results of the regression analysis testing the effect of the log10 of the peak forces (X, Y, and Z) on the shape of each long bone of the

forelimb

Regression Phylogenetic regression Regression on residuals Phylogenetic regression on residuals

Bone Peak force R2 p Value R2 p Value R2 p Value R2 p Value

Humerus X braking 0.460 .018 0.100 0.400 0.110 0.580 0.162 0.621

X propulsive 0.621 .002 0.411 .001 0.390 .003 0.362 .013

Y medial 0.540 .004 0.300 .012 0.130 0.410 0.175 0.770

Y lateral 0.484 .007 0.243 .103 .087 0.730 0.109 0.862

Z vertical 0.525 .011 0.258 .084 0.118 0.545 .080 0.845

Ulna X braking 0.450 .022 0.180 0.290 .020 0.970 .035 0.970

X propulsive 0.560 .004 0.470 .001 0.360 .060 0.390 .040

Y medial 0.530 .005 0.380 .003 0.180 0.250 0.260 0.340

Y lateral 0.530 .008 0.390 .014 0.170 0.290 0.240 0.300

Z vertical 0.510 .011 0.310 .060 0.130 0.430 0.130 0.480

Radius X braking 0.340 .038 0.130 0.420 .054 0.820 .085 0.800

X propulsive 0.466 .010 0.416 .001 0.216 0.201 0.290 0.110

Y medial 0.420 .016 0.320 .003 0.150 0.283 0.230 0.390

Y lateral 0.400 .015 0.300 .030 0.110 0.420 0.190 0.398

Z vertical 0.410 .024 0.260 .053 0.130 0.380 0.140 0.410
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4 | DISCUSSION

The question of to what extent bone shape is related to habitual loco-

motor behavior and to specific peak forces is long-standing and has

profound impact on understanding form-function relationships and

inferences of behavior in fossil taxa. For the most part the relationship

between bone form and peak forces is presumed from ideas about

loading and habitual locomotor behaviors and more detailed data are

needed to explore these ideas. This study examined the influence of

peak forces on forelimb long bone shape in the context of body size,

phylogeny, and habitual locomotor mode in a novel and comprehen-

sive sample of strepsirrhine primates in order to test hypotheses

FIGURE 1 Results of the two-block partial least-squares between the humerus and the peak forces. (a) Scatter plot of the first partial least-

squares axis describing the shape co-variation between the humerus and the peak forces. (b) Scatter plot of the first partial least-squares axis
describing the shape co-variation between the residuals of the humerus and the residuals of the peak forces. Humeral shapes (left side)
associated with each minimum and maximum of co-variation are illustrated in blue and red, respectively, at the bottom of the scatter plot. Peak
force loadings associated with the humeral shape co-variation are represented by the histogram at the left side of the scatterplot. Symbols

represent locomotor behaviors as follows: White circle indicating vertical clinging and leaping; gray circle indicating slow climbing; black circle
indicating active quadrupedalism [Color figure can be viewed at wileyonlinelibrary.com]
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about form and function in primates. The findings showed a clear sig-

nal for the effect of peak forces and habitual locomotor mode on fore-

limb shape irrespective of phylogeny.

4.1 | Effect of phylogeny

The shape of the long bones of the forelimb showed a phylogenetic

signal meaning that species that are closely related tend to show simi-

lar shapes. Otherwise, no phylogenetic signal was found for the peak

forces during locomotion, at least for species included in our study.

Nevertheless, the dataset included here is small and we suggest that

these results should be interpreted cautiously. The addition of more

species in the morphological data set will likely result in a stronger

and/ or significant phylogenetic signal in limb bone shape and body

mass as demonstrated previously (Fabre et al., 2017).

4.2 | Effects of body mass on peak forces

Body mass impacts the shape of the long bones, but this effect disap-

pears when accounting for the shared history of species. It also

strongly impacted the peak forces during locomotion even when tak-

ing into account the phylogeny (except for the propulsive force). More

precisely, body mass has a strong impact on the vertical peak force as

TABLE 5 Results of the co-variation between the peak forces and the shape of each long bone of the forelimb and their residuals

2B-PLS Phylogenetic 2B-PLS 2B-PLS on residuals Phylogenetic 2B-PLS on residuals

Bone rPLS p Value rPLS p Value rPLS p Value rPLS p Value

HUMERUS 0.910 .007 0.790 0.200 0.950 .010 0.890 0.13

ULNA 0.890 .009 0.820 .07 0.840 0.150 0.860 0.160

RADIUS 0.880 .010 0.760 0.170 0.690 0.490 0.790 0.200

Significant co-variations are indicated in bold.

FIGURE 2 Results of the two-block partial least-squares between the ulna and the loading regimes. Scatter plot of the first partial least-squares

axis describing the shape co-variation between the ulna and the loading regime. Ulnar shapes (left side) associated with each minimum and
maximum of co-variation are illustrated in blue and red, respectively, at the bottom of the scatter plot. Peak force loadings associated with the
ulnar shape co-variation are represented by the histogram at the left side of the scatterplot. Symbols represent locomotor behaviors as follows:
white circle indicating vertical clinging and leaping; gray circle indicating slow climbing; black circle indicating active quadrupedalism [Color figure
can be viewed at wileyonlinelibrary.com]
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expected. It also strongly impacts the braking and medially directed

peak forces.

4.3 | Effects of peak forces on bone shape

In the primary analysis, all the peak forces have an effect on the shape

of the bones of the forelimb. However, when phylogeny is considered,

only the propulsive and medially directed peak forces appear to

impact the shape of the humerus. In addition, the propulsive and med-

iolateral peak forces have an effect on the shape of both the radius

and ulna (Table 4). Contrary to expectations, the propulsive peak

forces had the strongest effect on the shape of the humerus after

accounting for the effect of body mass and phylogeny (Table 4). The

propulsive peak force also strongly impacts the shape of the ulna

when phylogeny and body mass are considered (Table 4). To summa-

rize, contrary to our predictions, the effects of the propulsive peak

force are mainly reflected in humeral and ulnar shapes. This suggests

that humerus and ulna play an important role in absorbing, transfer-

ring, and dissipating propulsive forces during arboreal quadrupedal

locomotion in strepsirrhines.

4.4 | Co-variation between peak forces and the
shape of the forelimb

When looking at the co-variation between peak forces and the long

bones of the forelimb, a common pattern becomes apparent. A clear

difference can be seen between the slow-climbing quadrupedal spe-

cies (such as the lorises) and the active arboreal quadrupeds (such as

Varecia, Daubentonia, and Eulemur). For all three long bones of the

forelimb, active arboreal quadrupeds with higher peak forces show

robust bones with a curved shaft (medio-laterally for the humerus and

antero-posteriorly for the ulna and radius), broad articulations, and

well-developed crests. In contrast, slow quadrupedal species, which

experience relatively low peak forces compared to other species show

markedly more gracile bones and mobile articulations that appear to

facilitate movements. These patterns are the most noticeable for the

humerus and the radius. This is reflected in the arboreal/terrestrial dif-

ferences described by Rose (1988) and Fabre et al. (2017).

When accounting for body mass, only the co-variation between

the peak forces and the humeral shape is significant; a clear difference

can be seen between both the larger vertical clinger and leaper

(Propithecus), the smaller slow-climbing quadrupedal loris (Loris) and

FIGURE 3 Results of the two-block partial least-squares between the radius and the loading regimes. Scatter plot of the first partial least-squares

axis describing the shape co-variation between the radius and the loading regime. Radial shapes (left side) associated with each minimum and
maximum of co-variation are illustrated in blue and red, respectively, at the bottom of the scatter plot. Peak force loadings associated with the
radial shape co-variation are represented by the histogram at the left side of the scatterplot. Symbols represent locomotor behaviors as follows:
white circle indicating vertical clinging and leaping; gray circle indicating slow climbing; black circle indicating active quadrupedalism [Color figure
can be viewed at wileyonlinelibrary.com]
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the other species (Nycticebus, Daubentonia, Eulemur, Lemur, Varecia,

Hapalemur). The force that co-varies most with humeral shape of the

sifaka and the slender loris is a medium braking peak force and rela-

tively lower other forces. The shapes associated with these forces

show a relatively gracile bone, with a lateral crest that runs until one

third of the length of the diaphysis, a distal articulation with a wide

and round capitulum in comparison to a narrow trochlea. In opposi-

tion, all the other species display high propulsive peak force associ-

ated with a humeral shape that is relatively robust, a lateral crest that

runs about midway the diaphysis, and a distal articulation with a small

capitulum in comparison to the trochlea that is elongated. The stron-

gest co-variation is observed between the peak forces and the

humeral shape suggesting that this bone plays an important role in

absorbing, transferring, and dissipating locomotor forces.

4.5 | Functional interpretations

The findings of this study have profound implications for reconstruct-

ing the movement patterns of extinct primates based on forelimb

anatomy. First, it is clear that “primary locomotor mode” (e.g., active

arboreal quadruped, or vertical clinger and leaper) tells us little about

the way the forelimb might be shaped in strepsirrhines after account-

ing for phylogenetic or body-size differences. We implore future

investigators to be wary of these broad locomotor classifications, and

instead take a critical look at the ways these animals move on com-

monly used substrates.

Throughout all of our analyses, it has become obvious that the

association between osseous morphology and external loading in the

forelimb is driven primarily by propulsive forces. As recently demon-

strated by Granatosky et al., (2018), propulsive forces of the forelimb

appear to be higher in primates than other mammals.

To conclude, our study shows strong, significant co-variation

between the shape of the long bones and the peak forces generated

by the forelimb as measured by force plate recordings during arboreal

quadrupedal locomotion. The propulsive and medially directed peak

forces co-vary most strongly with the shape of the long bones of the

forelimb. Thus, our results suggest that the shape of humerus and ulna

significantly reflects how it is loaded suggesting that external locomo-

tor forces play a role in driving the overall shape of long bones in the

forelimb in strepsirrhines, although the direct relationship between

load and bone anabolism remains unclear. Whether the ground reac-

tion forces coming from quadrupedal walking on a pole are direct

drivers of bone shape or indirectly related to bone shape through life-

time effects of locomotor specializations or whether these features

are simply a product of natural selection for specific shapes remains

to be tested. Irrespective, the associations described here between

long bone shape and habitual locomotor behavior may provide critical

insights when trying to interpret the bones of extinct taxa, thus, pro-

viding a window on their locomotor behavior and ecology.
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