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Abstract

Objectives: Primate leap performance varies with body size, where performance will

be optimized in lightweight individuals due to the inverse relationship between force

generation and body mass. With all other factors equal, it is less energetically costly

to swing a light hindlimb than a heavier hindlimb. Previous work on the calcaneus of

galagids hypothesized that bone volume in leaping galagids may be minimized to

decrease overall hindlimb mass. We predict that (1) lighter taxa will exhibit relatively

less calcaneal bone volume than heavier taxa, and (2) taxa that are high-frequency

leapers will exhibit relatively less bone volume than lower frequency leapers.

Materials and Methods: Relationships among bone volume, body size, and leap fre-

quency (high vs. low) were examined in a sample of 51 individuals from four genera

of galagids (Euoticus, Galago, Galagoides, and Otolemur) that differ in the percentage

of time engaged in leaping locomotion. Using μCT scans of calcanei, we quantified

relative bone volume (BV/TV) of the distal calcaneal segment and predicted that it

would vary with body size and frequency of leaping locomotion.

Results: Phylogenetic generalized least squares (PGLS) regression models indicate

that body size, but not leaping frequency, affects BV/TV in the distal calcaneus. Rela-

tive bone volume increases with body size, supporting our first hypothesis.

Discussion: These results support previous work demonstrating a positive correlation

between BV/TV and body size. With some exceptions, small galagids tend to have

less BV/TV than larger galagids. Leaping frequency does not relate to BV/TV in this

sample; larger taxonomic and/or behavioral sampling may provide additional insights.
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1 | INTRODUCTION

Galagids demonstrate elongation of the distal segment of the calca-

neus between the astragalar and cuboid articulations (e.g., Boyer

et al., 2013; Gebo, 1987, 1988; Hall-Craggs, 1965; Jouffroy &

Günther, 1985; Jouffroy & Lessertisseur, 1979) that has been

hypothesized to increase leap performance as a result of increasing

hindlimb length. Hindlimb elongation increases performance in

leaping and hopping mammals (e.g., Alexander, 1995;

Emerson, 1985) because it increases the amount of time the exten-

ding hindlimb is in contact with the ground during the takeoff phase

of the leap, thereby increasing the period over which takeoff forces

can be produced (e.g., Günther et al., 1991; Peters &

Preuschoft, 1984). Because velocity is the rate of change in distance

per unit time, a longer hindlimb will maintain contact with the sub-

strate for longer, allowing the extensor musculature to produce
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more force (Alexander, 1995), and increase the resulting leap veloc-

ity (and acceleration). This can ultimately increase an animal's leap

height and distance (Peters & Preuschoft, 1984), two measures of

leap performance likely necessary for more efficient travel, prey

capture, and predator avoidance.

In addition to the leap performance benefits of hindlimb elonga-

tion, it is also beneficial for leapers to limit hindlimb mass, particularly

in the distal segment of the limb, which decreases limb segment

moment of inertia and consequently the energetic cost associated

with swinging the limb. As leap acceleration is inversely proportional

to mass, decreasing hindlimb mass will increase leap acceleration.

However, leapers also need to have enough muscle mass to power

the leap (Alexander, 1995), and as a consequence, leapers generally

have large hindlimb muscles (Demes et al., 1998; Grand, 1977;

Niemitz, 1979) which are situated more proximally in the limb

(Niemitz, 1979). Previous comparative work has demonstrated that

leapers exhibit reduced distal limb mass (Hildebrand, 1985), which

could be accomplished by reducing bone mass and preserving

muscle mass.

Given the importance of overall mass to the biomechanics of leap

performance (i.e., all else being equal, a less massive animal is capable

of leaping further and with greater velocity and acceleration than a

more massive animal), it has been hypothesized that galagids may

exhibit differences in calcaneal bone volume related to differences in

body size and leap frequency within the clade (Lewton & Patel, 2020).

Specifically, small-bodied, higher frequency leaping galagos should

have reduced distal hindlimb bone mass to decrease the moment of

inertia of the swinging hindlimb, thus decreasing energy requirements

to move it (e.g., Howell, 1944; Preuschoft et al., 1996; Steudel, 1990).

This hypothesis was formulated after an examination of distal calca-

neal cross-sectional geometric properties in a subset of galagids that

differ in locomotor behavior and body size (i.e., Galago, a relatively

small-bodied, high frequency leaping taxon vs. Otolemur, a relatively

large-bodied, low frequency leaping taxon) (Lewton & Patel, 2020). In

that study, Lewton and Patel (2020) found, contrary to their expecta-

tions, that polar section modulus, a measure of bone strength, was

not significantly stronger in Galago compared to Otolemur. Although

bone strength did not differ between these genera, the ratio of

F IGURE 1 Three-dimensional surface models of representative calcanei in dorsal view of Euoticus elegantulus (PCM NH.MER32.459),
Otolemur crassicaudatus (AMNH 216241), Galago senegalensis (AMNH 35445), Galago moholi (AMNH 86503) and Galagoides demidoff (PCM NH.
MER32.70). All bones are from the right foot and the scale bar is 1 mm
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maximum to the minimum second moment of area (a representation

of bone distribution within a cross-section, ranging from circular to

elliptical) indicated adaptation to more stereotyped loading patterns in

Galago compared to Otolemur (Lewton & Patel, 2020). Given the

smaller body mass of high frequency leaping galagos, it was then pro-

posed that a tradeoff may exist in which leap performance is opti-

mized over bone strength, aided by reduced calcaneal bone mass.

Extant species of galagids vary in body mass, distal calcaneus

elongation, and frequency and type of leaping behaviors. Broadly,

small-bodied galagids in the genera Galago (i.e., lesser galagos) and

Galagoides (i.e., dwarf galagos) exhibit more distally elongated calcanei

(Figure 1) and use a higher frequency of leaping in their locomotor

repertoires than large-bodied galagids of genus Otolemur (i.e., greater

galagos), which exhibit less distally elongated calcanei and a lower fre-

quency of leaping behaviors (Boyer et al., 2013; Charles-Dominique &

Bearder, 1979; Gebo, 1987, 1989; Hall-Craggs, 1965; Jouffroy &

Lessertisseur, 1979). Specifically, the lesser galagos (i.e., Galago

senegalensis and Galago moholi, Nash et al., 1989) range in average

body mass from 0.18 to 0.28 kg (Smith & Jungers, 1997), have rela-

tively long distal calcanei (Boyer et al., 2013), and leap 50%–60% of

the time (Gebo, 1988; Jouffroy & Günther, 1985). In comparison, the

greater galagos (i.e., Otolemur spp.) range in average body mass from

0.76 to 1.32 kg (Kappeler, 1991; Smith & Jungers, 1997), have rela-

tively short distal calcanei (Boyer et al., 2013), and leap only ~20% of

the time (Crompton, 1984).

The dwarf forest galagos (e.g., Galagoides spp.) and the needle-

clawed galagos (Euoticus elegantulus) are not well-studied, and there is

little quantitative (or qualitative, for that matter) data on locomotor

behaviors. Galagoides demidoff is the smallest known species, averag-

ing 0.06 kg (Smith & Jungers, 1997), and exhibits relatively long distal

calcanei (Boyer et al., 2013). Moreover, G. demidoff has been charac-

terized as using a fine-branch habitat and moving by both branch-

running and leaping (characterized as “scurrying” by Oxnard

et al. (1990)), which has been reported to account for 40%–60% of its

locomotor activity (Charles-Dominique, 1977; Gebo, 1988;

Walker, 1979). Unfortunately, there exist no quantitative data on the

locomotor profile of Euoticus, which averages 0.30 kg in body mass

(Smith & Jungers, 1997), has relatively short distal calcanei (Boyer

et al., 2013), and has been described as moving primarily by branch-

running and leaping (Charles-Dominique, 1977).1

The aim of this study is to examine distal calcaneal bone vol-

ume, a proxy for calcaneal mass, in four genera of galagids, with an

emphasis on the effects of body size and leap frequency on calca-

neal bone volume. This study expands upon the work by Lewton

and Patel (2020) that was limited to species of Galago and Otolemur

by including a more phylogenetically diverse sample, which allows

for a more thorough investigation of the effects of variation in body

size and leap frequency across extant members of the galagid clade.

We hypothesize that (1) small-bodied galagids will exhibit less rela-

tive bone volume in the distal calcaneus compared to larger-bodied

galagids, and (2) galagids that leap more frequently will exhibit less

relative bone volume in the distal calcaneus than galagids that leap

less frequently.

2 | METHODS

The comparative sample (Table S1) includes calcanei of 55 individuals

of galagids that differ in body size and leap frequency (Euoticus

[n = 16], Galago [n = 14], Galagoides [n = 12], and Otolemur [n = 13];

Figure 1). Galagoides and Galago are the smallest taxa and are frequent

leapers, while Euoticus and, to a greater extent, Otolemur are larger

and less frequent leapers. Specimens derive from the American

Museum of Natural History (AMNH, n = 30), Powell-Cotton Museum

(PCM, n = 21), and Duke Lemur Center (DLC, n = 4). Right calcanei

were chosen; when only the left calcaneus was available the resulting

scan data were digitally mirror-imaged (see following paragraph).

The AMNH specimens were μCT scanned at the Molecular Imaging

Center at the University of Southern California on a SCANCO μCT 50

scanner using 90 kV and 200 μA energy settings, and voxel resolution

of 6–14 μm. The PCM specimens were μCT scanned at the Cambridge

Biotomography Centre at the University of Cambridge on a Nikon XTH

225 ST scanner using 125–145 kV and 170–200 μA energy settings,

and voxel resolution of 12–23 μm. The DLC specimens were scanned

using a Nikon XTH 225 ST scanner with 25–43 μm resolution; these

specimens (DLC:2061m doi:10.17602/M2/M14846, DLC:3141f

doi:10.17602/M2/M15187, DLC:NN_Og01 doi:10.17602/M2/

M15701, and DLC:NN_Og02 doi:10.17602/M2/M33652) were

obtained from MorphoSource (Project 170: Duke Lemur Center Cadav-

eric Specimens; Yapuncich et al., 2019). All raw scans were saved in

either 16-bit DICOM or TIFF format. Following Lewton and

Patel (2020), and prior to any subsequent analyses, μCT image stacks of

isolated calcanei were digitally mirror-imaged (in the case of left cal-

canei) and reoriented in a standard anatomical position using Avizo Lite

v. 9 or v. 2019 software (Thermo Fisher Scientific). Calcanei were ori-

ented such that the distally elongated segment was oriented vertically,

with the proximal end of the bone-facing superiorly, and the

sustentacular facet facing the plane of the viewer. The calcaneal distal

segment was defined as the region between the sustentacular facet and

the distal navicular articulation (Figure 2a). Two three-dimensional volu-

metric models were generated of the distal calcaneal segment: (1) total

bone volume (BV, Figure 2c) and (2) total filled volume (TV, Figure 2d).

The Surface Area Volume module in Avizo was used to quantify the vol-

ume of each model, and relative bone volume was calculated as total

bone volume/total filled volume (BV/TV).

The effects of sexual dimorphism and rearing environment

(i.e., captive vs. wild) on BV/TV were assessed separately using

Kruskal–Wallis tests for each taxon and for the sample as a whole.

Kruskal–Wallis tests were used because there were three levels per

factor (sex: male, female, unknown sex, and rearing: wild, captive,

unknown rearing). No statistical difference in BV/TV was discerned

between males and females (Table 1), and all further analyses were

conducted using a combined-sex sample. BV/TV did, however, differ

significantly between captive- and wild-reared individuals of Otolemur

crassicaudatus and G. moholi, and as a result, the two captive individ-

uals of each of these taxa were removed (O. crassicaudatus: AMNH

80238, AMNH 245093, G. moholi: DLC-2061m, DLC-3141f), thereby

yielding a final sample size of 51 individuals (Table 2).
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Variation among species was explored using boxplots and

Kruskal–Wallis tests with Steel-Dwass All Pairs multiple comparisons,

which are the nonparametric equivalent of Tukey HSD tests and con-

trol for the overall error rate associated with performing multiple sta-

tistical tests (Critchlow & Fligner, 1991). All Kruskal-Wallis tests were

performed in JMP Pro v. 15 (SAS Institute, 2019).

To assess the effects of locomotor mode and body size on BV/TV

in the pooled-sex sample while accounting for the potential effects of

phylogeny, PGLS regressions were constructed with model formulae

of BV/TV ~ ln-size + locomotion. ‘Locomotion’ was a categorical vari-

able with two levels representing the percentage of time a species

spends leaping, with levels ‘low’ (i.e., more quadrupedal behaviors)

and ‘high’ (i.e., more leaping behaviors, Table 2). For species in which

there are no quantitative data on leaping activity (such as

E. elegantulus), qualitative descriptions of locomotor profiles were

used to assign locomotor category (see references in Table 2). PGLS

regressions were implemented using the ‘caper’ package for R (Orme

et al., 2018; R Core Team, 2019). We pruned the phylogeny of

Springer et al. (2012) to represent the eight taxa in our sample. These

PGLS models used a maximum likelihood branch length optimization

to estimate Pagel's lambda, a parameter indicative of phylogenetic

correlation structure. A lambda value of 1 indicates phylogenetic sig-

nal in the model, while a lambda value of 0 indicates phylogenetic

independence (i.e., lack of phylogenetic signal in the model).

For our methods to be broadly applicable to other morphological

datasets, we ran two sets of regressions with different variables for

body size: (1) size based on published species mean body mass from

Smith and Jungers (1997) and Kappeler (1991); and (2) a measure of

calcaneal cuboid facet area (CCFA) following Yapuncich et al. (2015),

who showed that CCFA is a strong predictor of body mass in pri-

mates. The advantage of using species mean body mass is that it

allows the use of samples in which CCFA is not calculable

(e.g., fragmentary specimens including potential fossils). The disadvan-

tage of using species mean body mass is that it does not provide

unique size estimates for individual specimens. CCFA was calculated

from a whole-bone calcaneal surface model using Geomagic Wrap

2017 software (3D Systems, Inc.). The surface mesh triangles

corresponding to the calcaneal cuboid facet were manually selected

using the lasso tool and the “compute area” tool was used to calculate

its total area (Figure 2b). Thus, our two full regression models were (1)

BV/TV ~ ln-body mass + locomotion, and (2) BV/TV ~ ln-CCFA +

locomotion.

To investigate how BV/TV scales with body size, we also con-

ducted PGLS regressions of BV/TV on size alone (again, either ln-body

mass or ln-CCFA) and examined the slopes of the body size parameter

estimates. The expected isometric slope for the relationship between

BV/TV (a dimensionless measure) and size is zero (see Ryan &

Shaw, 2013). Because our sample size is small (n = 8), the slope 95%

confidence intervals were generated using the t-distribution and n � 1

degrees of freedom.

The four PGLS models were compared using an Akaike informa-

tion criterion correction for small sample sizes (AICc, Burnham &

Anderson, 2002; Garamszegi & Mundry, 2014).

F IGURE 2 Calcaneus surface model of a representative Galago
senegalensis specimen (AMNH 35445) demonstrating the location of
its distal segment (a, dorsal view), which is between the sustentacular
facet proximally (p) and navicular articulation distally (d). The calcaneal
cuboid facet is highlighted in orange (b, distal view). Relative bone

volume (BV/TV) was calculated as the ratio of segment bone volume
(c) to total filled segment volume (d). Note that the segments in
(c) and (d) are oriented such that the internal aspect of the segments
can be viewed
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3 | RESULTS

A Kruskal-Wallis test reveals differences in BV/TV across taxa (χ2:

31.4, df: 7, p < 0.0001). The Steel-Dwass All Pairs multiple compari-

sons test indicates that G. demidoff has significantly lower BV/TV than

Euoticus (p = 0.02), O. crassicaudatus (p = 0.01), and G. moholi

(p = 0.02). No other pairwise comparisons were statistically significant

(Figure 3). Qualitatively, G. demidoff and G. senegalensis have the low-

est calcaneal BV/TV, whereas Otolemur spp. and G. moholi, have the

highest BV/TV, and Euoticus is intermediate (Figure 3). Although not

statistically significant, a boxplot of BV/TV by taxon suggests there

may be interspecific differences between G. moholi and G. senegalensis

in BV/TV, as their ranges of variation only overlap minimally

(Figure 3).

The PGLS regressions demonstrate that body size, but not loco-

motion, has a significant effect on BV/TV (Table 3). The two regres-

sion models that included locomotion as a covariate were poorer fits

to the data than the two models that only included a size predictor,

with AICc values of �19 and �20 for the full models and �24 and

�25 for the reduced models. The slopes of both body size parameter

TABLE 1 Kruskal-Wallis test results
for sex and rearing differences on the
whole sample (n = 55) and by taxona

Sex Rearing

n χ2 df p χ2 df p

Whole sample 55 0.29 2 0.86 5.98 2 0.05

Euoticus elegantulus 16 5.32 2 0.07 — — —

Galago gallarum 1 — — — — — —

Galago moholi 8 2.33 2 0.31 4.00 1 0.046

Galago senegalensis 5 3.00 1 0.08 0.50 1 0.48

Galagoides demidoff 12 0.26 2 0.88 0 1 1

Otolemur crassicaudatus 9 4.20 2 0.12 4.20 1 0.04

Otolemur garnettii 2 — — — — — —

Otolemur monteiri 2 — — — — — —

aNo data when sample size ≤2.

F IGURE 3 Boxplots of distal calcaneus relative bone volume (BV/TV). Horizontal lines within each box illustrate the sample median. Boxes
envelop the inter-quartile range of the sample distribution and whiskers encompass the range excluding outliers. Red symbols indicate species
with low leaping frequencies, blue symbols indicate species with high leaping frequencies. Galagoides demidoff significantly differs from Galago
moholi (p = 0.02), Otolemur crassicaudatus (p = 0.01), and Euoticus elegantulus (p = 0.02)
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estimates in the reduced models (ln-CCFA β = 0.05, p = 0.03, ln-body

mass β = 0.04, p = 0.05) indicate that BV/TV scales with slight posi-

tive allometry (Table 3). The relationships between BV/TV and size

estimates are shown in Figure 4.

Phylogenetic signal in the regression models is estimated to be

0, but the 95% confidence intervals for the lambda estimates are quite

large (approximately 0–0.6). Examination of the likelihood profile plot

for lambda demonstrates a relatively flat surface, indicating equally

likely estimates of lambda within the confidence interval.

4 | DISCUSSION

We tested the hypotheses that (1) small-bodied galagids exhibit lower

relative bone volume (BV/TV) in the calcaneal distal segment compared

to larger-bodied taxa, and (2) galagid taxa that leap more frequently have

lower distal calcaneus BV/TV than galagids that leap with lower fre-

quency. Our results support the first hypothesis as there is a significant,

positive correlation between body size and BV/TV. The smallest species

studied here, G. demidoff, which averages 0.06 kg in body mass (Smith &

F IGURE 4 Bivariate plots of relative
bone volume (BV/TV) on ln CCFA (a) and
ln body mass (b). Distal calcaneus BV/TV
is positively correlated with estimates of
body size. Red symbols indicate species
with low leaping frequencies, blue
symbols indicate species with high leaping
frequencies. Legend in (b) as in (a). Lines
represent the phylogenetic generalized

least squares fits for models containing
only BV/TV and size (BV/TV ~ ln(CCFA)
and BV/TV ~ ln(mass)) on species means
(slopes and intercepts in Table 3)
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Jungers, 1997), indeed exhibited less BV/TV than the other species

examined, while the largest taxon studied here, Otolemur spp., which

averages 0.76–1.32 kg (Kappeler, 1991; Smith & Jungers, 1997),

exhibited the highest levels of BV/TV.

There are some interesting and unexpected exceptions to these

observations within the genus Galago. Despite G. moholi having an

average body mass less than G. senegalensis (0.18 vs. 0.21 kg, respec-

tively, Smith & Jungers, 1997), it was G. moholi that exhibited greater

BV/TV in the distal calcaneus (0.70 for G. moholi vs. 0.59 for

G. senegalensis), although this comparison was not statistically signifi-

cant. The direction of difference between these species is opposite

from predicted based on body mass alone. Perhaps behavioral differ-

ences between these species may explain differences in relative distal

calcaneal bone volume, but the primatological literature does not doc-

ument clear interspecific differences in leaping behavior, substrate

preference, diet, or ecological niche among these species of lesser

galagos. Both G. moholi and G. senegalensis are characterized as verti-

cal clingers and leapers, are found in woodland habitats (e.g., Nash

et al., 1989), and consume invertebrates and gums (Bearder &

Martin, 1980; Harcourt & Bearder, 1989; Nash, 1986; Nash &

Whitten, 1989). Another possibility for this unexpected difference

may relate to the composition of the G. senegalensis sample, which

relies on captive-reared specimens due to a paucity of wild-reared

specimens in museum collections (Table 2). It is feasible that captive-

reared animals might exhibit differences in BV/TV from their wild-

reared counterparts due to potential differences in diet, activity level,

and availability of naturalistic substrates, all factors that have been

suggested to impact skeletal morphology (e.g., Antonelli et al., 2016;

Hartstone-Rose et al., 2014; Lewton, 2017; O'Regan &

Kitchener, 2005). However, we are not aware of any published studies

documenting such potential differences. Furthermore, the one wild-

reared G. senegalensis specimen in our sample falls within the BV/TV

range of the captive-reared G. senegalensis individuals, suggesting that

the captive-reared sample may be representative for this taxon.

Our results pertaining to the effects of body size on relative distal

calcaneal bone volume in galagids accord well with previous research

investigating relationships between body size and relative bone vol-

ume in other skeletal elements and taxa. Previous work has demon-

strated a positive correlation between body size and trabecular bone

volume fraction (and weak positive allometry) in primate humeri and

femora (Ryan & Shaw, 2013) as well as sciuromorph rodent femora

(Mielke et al., 2018). However, studies conducted at a phylogeneti-

cally broader level that incorporate several orders of mammals have

found either very slight positive correlations between trabecular

BV/TV and body mass (e.g., Doube et al., 2011) or no correlation at all

(Barak et al., 2013). The scaling exponents for trabecular bone

retrieved from these previous studies range from 0.17 (Mielke

et al., 2018) to 0.25 (Ryan & Shaw, 2013), while Barak et al.'s (2013)

meta-analysis on a broad sample of mammals demonstrated a slope of

0.05. In this study, our slopes for the relationship of cortical BV/TV

on size were qualitatively lower than these previous studies which

sampled trabecular BV/TV (our slope estimates: mass: 0.04, CCFA:

0.05). Differences between our results and those of previous studies

may reflect differences in trabecular versus cortical bone, differences

in sampling locations (i.e., small regions of interest in the case of tra-

becular studies, versus the entire distal calcaneal elongation in our

study), or the effects of our small sample sizes. Although our regres-

sions of cortical BV/TV on size were statistically significant, the bio-

logical relevance of these slopes is difficult to interpret. While our

current results indicate weak positive allometry in calcaneal bone vol-

ume, future work with larger samples of leaping prosimians

(i.e., strepsirrhines and tarsiers) should further assist in discerning the

significance of scaling in calcaneal bone volume.

Although this previous work focused on trabecular bone volume

in long bone epiphyses, and our work focuses on diaphyseal cortical

bone volume (as it is the dominant type of bone found in the distal

calcaneus [Lewton & Patel, 2020]), taken together, these findings sug-

gest that relative bone volume (or bone volume fraction) in general

scales with weak positive allometry with body size within phylogeneti-

cally narrow clades, regardless of the limb segment or bone tissue

type under investigation. These results accord well with research on

long bone mass allometry, in which both large and small mammals

were found to demonstrate positive allometry of appendicular bone

mass (and this pattern of positive allometry of long bone mass was

exaggerated in small compared to large mammals, Christiansen [2002]).

It would be interesting to investigate patterns of relative cortical bone

volume in the diaphysis of other hindlimb elements (e.g., tibia, femur)

in a more taxonomically diverse sample of primates that leap fre-

quently. For example, indriids and cheirogaleids would be especially

informative comparative clades, as species within them vary in body

mass and leap frequency.

Our second hypothesis, that galagids that leap more frequently

have less relative distal calcaneal bone volume than those that leap

less frequently, was not supported. Some, but not all, of the high-

frequency leapers exhibit less bone volume than the low-frequency

leapers. For example, Galagoides, a high-frequency leaper, has signifi-

cantly lower BV/TV than the low-frequency leapers Euoticus and

O. crassicaudatus. However, G. senegalensis, a high-frequency leaper,

does not differ from taxa that do not leap frequently (Table 2,

Figure 3). Therefore, distal calcaneus cortical BV/TV does not clearly

relate to leaping behavior in galagids.

Our hypotheses for body size and locomotor differences in corti-

cal BV/TV within galagids were based on general principles of the

mechanics of leaping, and in particular, how leaping performance

parameters such as velocity and acceleration may be optimized by

decreasing hindlimb mass. Our results suggest that cortical BV/TV is

lower in small-bodied galagids, but this is not consistent with leap fre-

quency, as some high-frequency leapers (e.g., G. moholi) exhibit quali-

tatively higher BV/TV than other high-frequency leapers (see the

previous discussion). Several factors may influence these results: there

may be other musculoskeletal features that reduce in size in leapers

(e.g., overall muscle mass or body mass); relative bone volume in gen-

eral may be relatively constant across body sizes (Barak et al., 2013);

other behaviors within the locomotor repertoire of these species may

have a greater effect on calcaneal BV/TV; or the characterization of

galagid locomotor behavior into two categories (i.e., high- vs. low-
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frequency leapers) is too coarse to parse any BV/TV variation among

taxa. The latter issue could be resolved in the future with the use of

continuous variables for locomotion (e.g., using the percentage of time

spent leaping as a continuous variable), but this is currently hindered

by a lack of quantitative behavioral data on taxa such as E. elegantulus.

Examining patterns of variation related to locomotion within the

galagid clade, as we have done here, is useful as a “narrow phylogeny”
approach to identifying adaptation (sensu Ross et al., 2002). Increasing

taxon representation of other taxa that leap frequently (i.e., a “conver-
gence approach,” Coddington, 1994) would also be useful to under-

stand the biomechanical adaptations of distal calcaneal bone volume.

In particular, complementing this study with data from tarsiers (Carlito,

Cephalopachus, and Tarsius), which leap ~60% of the time (Crompton

& Andau, 1986; MacKinnon & MacKinnon, 1980) and are most com-

parable in behavior to G. senegalensis, could ascertain whether the

bone volume condition observed in G. senegalensis is related to leaping

behavior or not. Tarsiers and lesser galagos have similar functional

demands during vertical clinging and leaping (e.g., generation of suffi-

cient propulsive force, tarsal rotational capabilities to maintain pedal

grasping), and thus it would be reasonable to predict that tarsier and

lesser galago distal calcaneal BV/TV would be comparable due to their

overall similarity in positional behavior. The addition of cheirogaleids

to the sample would likely further our understanding of the relation-

ship of bone volume to leaping behavior, as they are small-bodied

leapers, but do not use specialized vertical clinging and leaping behav-

iors (Oxnard et al., 1990).

A limitation of our study is the small number of taxa (n = 8) sam-

pled. This small sample likely weakens the strength of the PGLS

results on the effects of size and locomotion on BV/TV and impacts

the estimates of phylogenetic signal in these models (Mundry, 2014;

Münkemüller et al., 2012), as estimates of lambda are unreliable when

samples are small (Freckleton et al., 2002). Our results suggest that

this is the case here as well, with wide confidence intervals on the

lambda estimates (Table 3) and relatively flat lambda likelihood sur-

faces. However, small samples not-withstanding, including phyloge-

netic information in these analyses should provide a better model fit

than non-phylogenetic models (Freckleton et al., 2002).

In summary, leaping locomotor performance can be optimized by

decreasing hindlimb mass to increase leap velocity and acceleration.

We investigated the effects of body size and leap frequency on rela-

tive distal calcaneal bone volume in four genera of galagids. We

hypothesized that small-bodied galagids would exhibit less relative

distal calcaneal bone volume than large-bodied galagids, and that, to

increase leap performance, galagids that leap more frequently would

exhibit less relative distal calcaneal bone volume than galagids that

leap less often. Our results demonstrate that body size, but not leap

frequency, has a significant effect on relative calcaneal bone volume

as quantified here: with some exceptions, as body size increases, rela-

tive calcaneal bone volume increases.
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ENDNOTE
1 Anecdotal reports by Charles-Dominique (1977) note that Euoticus may

be a capable leaper, although its leaps are not always clearly propulsive.

When moving between trees, Euoticus leaps “always in a downward

direction and involving a loss in height” (Charles-Dominique, 1977,

p. 113), which Oxnard et al. (1990) refer to as “falling leaps” (p. 54).

REFERENCES

Alexander, R. M. N. (1995). Leg design and jumping technique for humans,

other vertebrates and insects. Philosophical Transactions of the Royal

Society B: Biological Sciences, 347(1321), 235–248.
Antonelli, T. S., Leischner, C. L., Ososky, J. J., & Hartstone-Rose, A. (2016).

The effect of captivity on the oral health of the critically endangered

36 LEWTON ET AL.

http://www.morphosource.org
https://orcid.org/0000-0003-0674-2454
https://orcid.org/0000-0003-0674-2454
https://orcid.org/0000-0003-1844-1931
https://orcid.org/0000-0003-1844-1931


black-footed ferret (Mustela nigripes). Canadian Journal of Zoology, 94,

15–22. https://doi.org/10.1139/cjz-2015-0135
Barak, M. M., Lieberman, D. E., & Hublin, J. J. (2013). Of mice, rats and

men: trabecular bone architecture in mammals scales to body mass

with negative allometry. Journal of Structural Biology, 183(2), 123-131.

Bearder, S. K., & Martin, R. D. (1980). Acacia gum and its use by

bushbabies, Galago senegalensis (Primates: Lorisidae). International

Journal of Primatology, 1, 103–128. https://doi.org/10.1007/

BF02735592

Boyer, D. M., Seiffert, E. R., Gladman, J. T., & Bloch, J. I. (2013). Evolution and

allometry of calcaneal elongation in living and extinct primates. PLoS One,

8(7), e67792. https://doi.org/10.1371/journal.pone.0067792

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel

inference: A practical information-theoretic approach. Springer.

Charles-Dominique, P. (1977). Ecology and behavior of nocturnal primates.

Columbia University Press.

Charles-Dominique, P., & Bearder, S. K. (1979). Field studies of lorisid

behavior: Methodological aspects. In G. A. Doyle & R. D. Martin (Eds.),

The study of prosimian behavior (pp. 567–629). Academic Press.

Christiansen, P. (2002). Mass allometry of the appendicular skeleton in ter-

restrial mammals. Journal of Morphology, 251(2), 195–209.
Coddington, J. A. (1994). The roles of homology and convergence in stud-

ies of adaptation. In P. Eggleton & R. I. Vane-Wright (Eds.), Phyloge-

netics and ecology (pp. 55–78). Academic Press.

Critchlow, D. E., & Fligner, M. A. (1991). On distribution-free multiple com-

parisons in the one-way analysis of variance. Communications in Statis-

tics - Theory and Methods, 20(1), 127–139. https://doi.org/10.1080/
03610929108830487

Crompton, R. W. (1984). Foraging, habitat structure, and locomotion in

two species of Galago. In P. S. Rodman & J. G. H. Cant (Eds.), Adapta-

tions for foraging in nonhuman primates (pp. 73–111). Columbia Univer-

sity Press.

Crompton, R. W., & Andau, P. H. (1986). Locomotion and habitat utiliza-

tion in free-ranging Tarsius bancanus: A preliminary report. Primates,

27, 337–355.
Demes, B., Fleagle, J. G., & Lemelin, P. (1998). Myological correlates of

prosimian leaping. Journal of Human Evolution, 34, 385–399.
Doube, M., Kłosowski, M. M., Wiktorowicz-Conroy, A. M.,

Hutchinson, J. R., & Shefelbine, S. J. (2011). Trabecular bone scales

allometrically in mammals and birds. Proceedings of the Royal Society B,

278, 3067–3073.
Emerson, S. B. (1985). Jumping and leaping. In M. Hildebrand, D. M. Bram-

ble, K. F. Liem, & D. B. Wake (Eds.), Functional vertebrate morphology

(pp. 58–72). Harvard University Press.

Freckleton, R. P., Harvey, P. H., & Pagel, M. (2002). Phylogenetic analysis

and comparative data: A test and review of evidence. The American

Naturalist, 160, 712–726.
Garamszegi, L. Z., & Mundry, R. (2014). Multimodel-inference in compara-

tive analyses. In L. Z. Garamszegi (Ed.), Modern phylogenetic compara-

tive methods and their application in evolutionary biology (pp. 305–331).
Springer-Verlag.

Gebo, D. L. (1987). Functional anatomy of the tarsier foot. American Jour-

nal of Physical Anthropology, 73(1), 9–31. https://doi.org/10.1002/

ajpa.1330730103

Gebo, D. L. (1988). Foot morphology and locomotor adaptation in Eocene

primates. Folia Primatologica, 50(1-2), 3–41. https://doi.org/10.1159/
000156332

Gebo, D. L. (1989). Postcranial adaptation and evolution in lorisidae.

Primates, 30(3), 347–367. https://doi.org/10.1007/BF02381259
Grand, T. I. (1977). Body weight: Its relation to tissue composition,

segment distribution, and motor function. American Journal of Physical

Anthropology, 47, 211–240.
Günther, M. M., Ishida, H., Kumakura, H., & Nakano, Y. (1991). The jump

as a fast mode of locomotion in arboreal and terrestrial biotopes.

Zeitschrift Fur Morphologie Und Anthropologie, 78(3), 341–372.

Hall-Craggs, E. C. B. (1965). An osteometric study of the hind limb of the

galagidae. Journal of Anatomy, 99, 119–126.
Harcourt, C. S., & Bearder, S. K. (1989). A comparison of Galago moholi in

South Africa with Galago zanzibaricus in Kenya. International Journal of

Primatology, 10, 35–45.
Hartstone-Rose, A., Selvey, H., Villari, J. R., Atwell, M., & Schmidt, T.

(2014). The three-dimensional morphological effects of captivity. PLOS

One, 9, e113437. https://doi.org/10.1371/journal.pone.0113437

Hildebrand, M. (1985). Walking and running. In M. Hildebrand, D. M.

Bramble, K. F. Liem, & D. B. Wake (Eds.), Functional vertebrate morphol-

ogy (pp. 38–57). Harvard University Press.

Howell, A. B. (1944). Speed in animals: Their specialization for running and

leaping. University of Chicago Press.

Jouffroy, F. K., & Günther, M. M. (1985). Interdependence of morphology

and behavior in the locomotion of galagines. In S. Kondo (Ed.), Primate

morphophysiology, locomotor analyses and human bipedalism (pp. 201–
234). University of Tokyo Press.

Jouffroy, F. K., & Lessertisseur, J. (1979). Relationships between limb mor-

phology and locomotor adaptations among prosimians: An osteometric

study. In M. E. Morbeck, H. Preuschoft, & N. Gomberg (Eds.), Environ-

ment, behavior, and morphology: Dynamic interactions in primates

(pp. 143–181). Gustav Fischer.

Kappeler, P. M. (1991). Patterns of sexual dimorphism in body weight

among prosimian primates. Folia Primatologica, 57, 132–146.
Lewton, K. L. (2017). The effects of captive versus wild rearing environ-

ments on long bone articular surfaces in common chimpanzees (pan

troglodytes). PeerJ, 5, e3668. https://doi.org/10.7717/peerj.3668

Lewton, K. L., & Patel, B. A. (2020). Calcaneal elongation and bone

strength in leaping galagids. American Journal of Physical Anthropology,

171, 430–438.
MacKinnon, J., & MacKinnon, K. (1980). The behavior of wild spectral tar-

siers. International Journal of Primatology, 1, 361–379.
Mielke, M., Wölfer, J., Arnold, P., van Heteren, A. H., Amson, E., &

Nyakatura, J. A. (2018). Trabecular architecture in the sciuromorph

femoral head: Allometry and functional adaptation. Zoological Letters,

4, 1–11. https://doi.org/10.1186/s40851-018-0093-z
Mundry, R. (2014). Statistical issues and assumptions of phylogenetic gen-

eralized least squares analysis. In L. Z. Garamszegi (Ed.), Modern phylo-

genetic comparative methods and their application in evolutionary biology

(pp. 131–153). Springer-Verlag.
Münkemüller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T.,

Schiffers, K., & Thuiller, W. (2012). How to measure and test phyloge-

netic signal. Methods in Ecology and Evolution, 3, 743–756.
Nash, L. T. (1986). Dietary, behavioral, and morphological aspects of

gummivory in primates. Yearbook of Physical Anthropology, 29,

113–137.
Nash, L. T., Bearder, S. K., & Olson, T. R. (1989). Synopsis of Galago species

characteristics. International Journal of Primatology, 10(1), 57–80.
https://doi.org/10.1007/BF02735704

Nash, L. T., & Whitten, P. L. (1989). Preliminary observations on the role of

acacia gum chemistry in acacia utilization by Galago senegalensis in

Kenya. American Journal of Primatology, 17, 27–39.
Niemitz, C. (1979). Outline of the behavior of Tarsius bancanus. In G. A.

Doyle & R. D. Martin (Eds.), The study of prosimian behavior (pp. 631–
660). Academic Press.

O'Regan, H. J., & Kitchener, A. C. (2005). The effects of captivity on the

morphology of captive, domesticated and feral mammals. Mammal

Review, 35, 215–230.
Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N. &

Pearse, W. (2018). caper: Comparative Analyses of Phylogenetics and

Evolution in R. R package version 1.0.1. https://CRAN.R-project.org/

package=caper

Oxnard, C. E., Crompton, R. H., & Lieberman, S. S. (1990). Animal lifestyles

and anatomies: The case of the prosimian primates. University of

Washington Press.

LEWTON ET AL. 37

https://doi.org/10.1139/cjz-2015-0135
https://doi.org/10.1007/BF02735592
https://doi.org/10.1007/BF02735592
https://doi.org/10.1371/journal.pone.0067792
https://doi.org/10.1080/03610929108830487
https://doi.org/10.1080/03610929108830487
https://doi.org/10.1002/ajpa.1330730103
https://doi.org/10.1002/ajpa.1330730103
https://doi.org/10.1159/000156332
https://doi.org/10.1159/000156332
https://doi.org/10.1007/BF02381259
https://doi.org/10.1371/journal.pone.0113437
https://doi.org/10.7717/peerj.3668
https://doi.org/10.1186/s40851-018-0093-z
https://doi.org/10.1007/BF02735704
https://cran.r-project.org/package=caper
https://cran.r-project.org/package=caper


Peters, A., & Preuschoft, H. (1984). External biomechanics of leaping in

Tarsius and its morphological and kinematic consequences. In C.

Niemitz (Ed.), Biology of tarsiers (pp. 227–255). Gustav Fischer Verlag.

Preuschoft, H., Witte, H., & Fischer, C. M. (1996). Size influences on pri-

mate locomotion and body shape, with special emphasis on the loco-

motion of ‘small mammals.’. Folia Primatologica, 66, 93–112.
R Core Team. (2019). R: A language and environment for statistical com-

puting. R foundation for statistical computing, Vienna, Austria. https://

www.R-project.org/.

Ross, C. F., Lockwood, C. A., Fleagle, J. G., & Jungers, W. L. (2002). Adaptation

and behavior in the primate fossil record. In J. M. Plavcan, R. F. Kay, W. L.

Jungers, & C. P. van Schaik (Eds.), Reconstructing behavior in the primate

fossil record (pp. 1–41). Kluwer Academic/Plenum Publishers.

Ryan, T. M., & Shaw, C. N. (2013). Trabecular bone microstructure scales

allometrically in the primate humerus and femur. Proceedings of the

Royal Society B, 280, 20130172.

Smith, R. J., & Jungers, W. L. (1997). Body mass in comparative primatol-

ogy. Journal of Human Evolution, 32(6), 523–559. https://doi.org/10.
1006/jhev.1996.0122

Springer, M. S., Meredith, R. W., Gatesy, J., Emerling, C. A., Park, J.,

Rabosky, D. L., Stadler, T., Steiner, C., Ryder, O. A., Janečka, J. E.,
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