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Abstract As a result of a plethora of lab-based studies focusing on primate 
quadrupedalism, it is well known that compared to most other mammals, primates 
exhibit distinctive quadrupedal kinematics when moving on artificial “terrestrial” 
or “arboreal” substrates. However, we have little knowledge of how quadrupedal 
kinematics are impacted by the complexity of natural habitats, in which pathways 
may be obstructed, unstable, or vary dramatically in size, orientation, shape, or 
texture. In this study, we compared data on the quadrupedal kinematics of Saimiri 
boliviensis in both laboratory and field settings by comparing kinematic responses 
across laboratory substrates (pole, floor) and natural substrates (branches that var-
ied in size and orientation). Field results indicate that Saimiri boliviensis adjusted 
to larger branches by increasing limb duty factors, but used a wide variety of gait 
types (as measured by limb phase) across all branch sizes and orientations, rather 
than fine tuning limb phase to these aspects of substrate. Lab poles elicited simi-
lar average limb phases and duty factors, but reduced gait flexibility compared to 
branches. Lab studies would benefit from greater complexity of simulated arboreal 
substrates, and field studies should strive to measure numerous substrate charac-
teristics to most effectively test hypotheses about the adaptive nature of primate 
locomotion.
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LSDC  lateral-sequence, diagonal-couplets
LSLC  lateral-sequence, lateral-couplets
p  probability level
r  Pearson product-moment correlation
rho (r)  Spearman rank-order correlation

Introduction

Primates exhibit a highly diverse and specialized repertoire of locomotor behaviors, 
indicating that locomotion has played a key role in their evolutionary adaptive 
strategies. Accordingly, much research has been devoted to understanding the 
morphological, biomechanical, and ecological factors associated with locomotor 
variation and evolution across the primate order. The accomplishment of these 
research goals requires both field and laboratory data. Field studies are critical for 
providing the ecological context for primate locomotion, documenting the relative 
frequencies of positional behaviors used by a particular species, the context in 
which they are used, e.g., travel versus feeding, and the types of substrates 
on which certain behaviors are preferred. Laboratory studies benefit from the 
ability to isolate and measure aspects of locomotor biomechanics or morphology 
and to test specific functional hypotheses about muscle function, bone structure, 
and locomotor kinematics and kinetics. While field studies have been limited by 
the inability to use complex equipment to measure locomotor biomechanical 
variables directly on primate subjects, laboratory studies suffer from the isolation 
of primate locomotion from the wide variety and complexity of substrates to 
which primates have become adapted in their natural habitat. These two approaches 
are complementary; the data provided by one can and should be used to provide 
key insights into the other. Moreover, recent attempts at overlapping the two methods 
hold much promise toward providing a more complete analysis of primate loco-
motion. For example, laboratory studies have worked toward increasing the 
complexity of substrates on which primates are tested (e.g., Stevens 2006, 2007, 
chapter 16; Nyakatura et al. 2008) or examining nonstereotypical movements such 
as turning (e.g., Demes et al. 2006). Conversely, field-based studies of locomotion 
are experimenting with  methods to measure detailed aspects of locomotor 
morphology and energetics from a distance (Sellers and Crompton 2004; Rothman 
et al. 2008; Blanchard et al., chapter 10; Pontzer et al., chapter 15).

One type of primate locomotor behavior that has been very well studied is 
 quadrupedalism. Based nearly exclusively on data collected in the lab, the kinemat-
ics and kinetics of primate quadrupedalism have been shown to be unusual among 
mammals, suggesting an adaptive advantage to this form of locomotion early in the 
evolution of primates. Unlike the quadrupedal walking of most other mammals, 
primate quadrupedalism is characterized by a preference for diagonal-sequence, 
diagonal-couplets (DSDC) gait, increased forelimb protraction, reduced vertical 
ground reaction forces on forelimbs relative to hind limbs, compliant gait, greater 



33717 Quadrupedal Locomotion of Saimiri boliviensis

limb excursion angles, long stride lengths, and low stride frequencies (Hildebrand 
1967; Kimura et al. 1979; Alexander and Maloiy 1984; Reynolds 1985; Demes 
et al. 1994; Larson et al. 2000, 2001; Li 2000; Cartmill et al. 2007b).

Given the (not unreasonable) assumption that quadrupedal biomechanics mea-
sured in the laboratory reflects similar behavior in the wild, evolutionary explana-
tions for the distinctive aspects of primate quadrupedalism have focused on the 
importance of substrate type. Current consensus states that the unusual aspects of 
primate quadrupedalism are a biomechanical complex that gave early primates a 
selective advantage over their mammalian competitors by allowing them exclusive 
access to resources available in the “fine branch niche” (Cartmill 1972; Larson 
1998; Cartmill et al. 2002; Schmitt and Lemelin 2002; Lemelin et al. 2003). 
Primate locomotor features are viewed as adaptations to movement on branches of 
narrow diameter and/or nonhorizontal orientation because they are theorized to 
increase balance and stability, reduce branch oscillations, and enhance the fore-
limb’s manipulatory abilities (Prost and Sussman 1969; Rollinson and Martin 1981; 
Demes et al. 1994; Vilensky et al. 1994; Larson 1998; Schmitt 1999; Larson et al. 
2000, 2001; Cartmill et al. 2002; Schmitt and Lemelin 2002; Lemelin et al. 2003 
Schmitt 2003a, c; Stevens 2003). The convergent expression of these kinematic 
features, along with the presence of grasping hands and feet in some arboreal mar-
supials (and their absence in more terrestrial mammals), has provided further sup-
port for the importance of small branches in the evolution of primate quadrupedal 
locomotion (Hildebrand 1976; White 1990; Pridmore 1994; Larson et al. 2000; 
Schmitt and Lemelin 2002; Lemelin et al. 2003).

Our current view of the adaptive advantage of primate quadrupedalism has ben-
efited greatly from numerous laboratory studies demonstrating that primates exhibit 
distinctive quadrupedal biomechanics when moving on artificial “terrestrial” versus 
“arboreal” substrates (Schmitt 1994, 1998, 1999; Schmitt and Hanna 2004; Franz 
et al. 2005; Wallace and Demes 2008; Young 2009). Researchers have also 
attempted to analyze the impact of more detailed arboreal environments on primate 
quadrupedalism by varying the size and/or inclination of simulated branches (usu-
ally continuous, smooth, stable poles; Schmitt 2003c; Stevens 2007; Nyakatura 
et al. 2008; cf. Stevens 2003, 2006). However, we have little knowledge of how 
quadrupedal kinematics are impacted by the complexity of natural habitats, in 
which pathways may be obstructed, unstable, or vary dramatically in size, shape, 
texture, or inclination. To progress toward a better understanding of primate qua-
drupedalism from an adaptive and evolutionary perspective, it is imperative that we 
get a broader picture of the variability in substrate use in natural habitats and how 
aspects of those substrates, e.g., size and inclination, affect quadrupedal 
kinematics.

In this study, we compare data on the quadrupedal kinematics of Bolivian squir-
rel monkeys (Saimiri boliviensis) in both laboratory and field settings, i.e., Cocha 
Cashu Biological Station, Manu National Park, Peru. In many ways, Saimiri boli-
viensis is an excellent species with which to explore the adaptive significance of 
primate gait kinematics. First, squirrel monkeys at Manu are exceedingly active, 
frequently traveling 2–5 km per day in order to evade predators and gain access to 
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distributed foraging resources (Terborgh 1983; Mitchell 1990). In fact, squirrel 
monkeys are the most itinerant primates at Manu, with home ranges more than 
twice as large as similarly-sized primates at the site, e.g., Cebus and Saguinus 
(Terborgh 1983; Mitchell 1990). Second, squirrel monkeys frequently travel and 
forage on a variety of substrates that vary widely in diameter and orientation 
(Terborgh 1983; Boinski 1989; Fontaine 1990; Mitchell 1990; Arms et al. 2002). 
Finally, previous laboratory studies have provided conflicting data on the predomi-
nant pattern of interlimb coordination in squirrel monkeys. Prost and Sussman 
(1969) and Vilensky and colleagues (Vilensky and Patrick 1985; Vilensky et al. 
1994) found that squirrel monkeys primarily used lateral sequence gaits when 
walking on declined and level substrates, but diagonal sequence gaits on inclined 
surfaces. In contrast, more recent observations indicate that diagonal sequence gaits 
predominate on all substrates (Arms et al. 2002; Schmidt 2005; see also Youlatos, 
chapter 14, on howlers).

Our objectives are to:

 1) Provide additional field-based data documenting the range of variation of sub-
strate size and orientation utilized by squirrel monkeys during quadrupedal 
walking and running in a natural habitat;

 2) Provide data on footfall patterns and interlimb timing utilized by Saimiri for 
comparison to previous laboratory studies;

 3) Assess whether artificial arboreal substrates capture similar quadrupedal behav-
ior when compared to locomotion in natural habitats;

 4) Evaluate the degree to which quadrupedal kinematics are “fine-tuned” to sub-
strate characteristics; i.e., is kinematic variation across substrates greater than 
that within substrates?

Materials and Methods

Laboratory Data

J. Young collected laboratory data at the Center for Neotropical Primate Research 
and Resources (CNPRR, Mobile, AL). All procedures were approved by the 
CNPRR Institutional Animal Care and Use Committee (IACUC). The sample 
consisted of five female squirrel monkeys, ranging in age from 104 to 302 days 
and body mass from 218 to 535 g. Monkeys were filmed with a high-speed digital 
video camera (MotionMeter 1000, Redlake MASD, San Diego, CA) at 250 Hz as 
they traversed a 2.75 m × 0.3 m × 0.53 m runway. The floor of the runway was 
constructed from vinyl-coated plywood (Omega Signboard, Laminators 
Incorporated, Hatfield, PA). The top and front walls of the runway were formed 
from a single piece of angled Plexiglas, allowing the subject to be easily lighted 
and filmed. Depending on experimental condition, e.g. floor versus pole, monkeys 
traversed either the flat runway floor or a 3.2 cm diameter PVC pipe elevated 
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10.7 cm above the surface of the runway. Both substrates were coated with a 
mixture of polyurethane and nonskid paint additive (Behr Process Corporation, 
Santa Ana, CA) in order to increase traction.

Before the beginning of each squirrel monkey experiment, individuals were 
weighed and the skin over the approximate centers of rotation of the shoulder and the 
hip were shaved and marked with retro-reflective tape, a procedure that did not require 
the use of anesthesia. Video files were imported into the MATLAB DLT Dataviewer 
2 digitizing platform (Hedrick 2007) for coding of kinematic variables. More details 
about the experimental apparatus and procedure can be found in Young (2009).

Field Data

We collected field data from videotapes taken by A. Souther, of Saimiri boliviensis 
moving in its natural forest habitat at Cocha Cashu Biological Station, Manu 
National Park, Peru. Manu National Park sits on the bank of a large river (the Rio 
Manu) and consists of undisturbed primary forest encompassing several different 
vegetation types, from riparian successional vegetation, to dense lacustrine swamps, 
to high ground tropical forests. Because Saimiri is not a habitat specialist (Boinski 
et al. 2002), but rather ranges widely over several microhabitats during the course 
of a day, the variety of vegetation types ensures that individuals encounter a diver-
sity of substrate sizes and inclinations during daily travel. We collected video data 
over a period of 2 months in September–October 1998. Individual subjects were not 
identified, so the number of individuals or their ages is unknown, although the 
sample does appear to include some juveniles with fully independent locomotion. 
Because the period of study corresponds to the beginning of the wet season at 
Manu, when most births take place (Terborgh 1983; Mitchell 1990), any juveniles 
filmed would have been no younger than ca. 10–12 months old. We filmed mon-
keys with a hand-held camcorder (Canon ES5000) at 30 Hz. Video fields were 
subsequently split, resulting in an effective frame rate of 60 Hz. We selected usable 
video clips, i.e., those in which the camera was close enough for good visibility of 
limbs and trunk, and then imported them into Peak Motus (v. 9.2, Vicon Motion 
Systems, Oxford, UK) for coding of kinematic variables.

Kinematic Variables

The kinematic variables used in this study represent a subset of those that have been 
shown to vary with substrate type in previous laboratory studies and that were also 
easily measured from the field videos.

Limb phase: Limb phase describes both footfall sequence and interlimb timing, 
i.e., couplets (Hildebrand 1966, 1976). Divisions between named gaits, e.g., DSDC, 
LSDC, are a slight modification of the divisions of Hildebrand (1966, 1976) and 
follow those of Cartmill et al. (2002), in which values between 50 and 75 are 
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designated as diagonal sequence, diagonal couplets (DSDC) gaits; values between 
25 and 50 are lateral sequence, diagonal couplets (LSDC) gaits; and values between 
0 and 25 are lateral sequence, lateral couplets (LSLC) gaits. Although limb phase 
is usually calculated based on the time lag between ipsilateral limb touchdown 
events (Hildebrand 1967), theory and data indicate that when forelimb and hind 
limb duty factors are unequal, calculating limb phase from mid-support events 
provides a more accurate description of interlimb coordination (Hildebrand 1976; 
Griffin et al. 2004). Therefore, because forelimb and hind limb duty factors were 
highly divergent across substrate categories (paired t-tests: all p < 0.001), we 
calculated limb phase as the proportion of stride duration separating hind limb and 
ipsilateral forelimb mid-support events (where mid-support is defined as the 
midpoint between touchdown and lift-off).

Duty factor: Duty factor is the proportion of stride duration that a limb is in contact 
with the substrate. Because duty factors in hind and forelimbs often differ, we 
report the mean duty factor across all four limbs as an index of the overall response 
to variation in substrate type, size, and orientation.

Relative speed: Owing to the lack of absolute scale in our field videos, we mea-
sured relative speed as trunk lengths per second for both laboratory and field data. 
For field data, we measured trunk length as the distance between shoulder and hip 
joints. We calculated relative speed by scaling trunk length to the distance traversed 
by the individual on the substrate during a full stride, i.e., relative trunk length, and 
dividing by stride duration.

In the laboratory, absolute speed (in meters per second) was calculated from the 
displacement of either the hip or the shoulder, depending on marker visibility. After 
transforming raw pixel coordinates into meters using a standard calibration object, 
we used linear least-squares regressions of corrected displacement data on time to 
calculate overall speed across each stride. We then calculated trunk length as the 
mean distance between the hip and shoulder across six stride events, e.g., forelimb 
and hind limb touchdown, mid-support and lift-off. We calculated relative speed as 
the quotient of absolute speed divided by trunk length. The range of relative speeds 
sampled was similar across both conditions (field: 0.71–5.0; laboratory 2.4–5.0), 
allowing comparisons of other variables with respect to speed.

Symmetry: In a perfectly symmetrical walk or run, a fore- or hind limb contacts 
the ground at exactly 50% of the interval of time between footfalls of the contral-
ateral fore or hind limb (Hildebrand 1966). For this study, we excluded asymmetri-
cal strides that were obviously gallops, bounds, or half-bounds, i.e., with 
whole-body aerial phases. Because perfect symmetry is rare even in gaits normally 
classified as “symmetrical,” we included walking or running gaits that deviated 
from perfect symmetry. The average fore-hind symmetry values in our dataset 
ranged predominantly from 40% to 60%, i.e., 97% of all strides in the data set 
(Fig. 17.1), matching previous boundaries used to define symmetry (Schmitt et al. 
2006). Nevertheless, as long as there was no whole-body aerial phase, we did not 
exclude strides with symmetry values below or above this range, as we feel this 
captures the more naturalistic locomotor behavior of the animals.
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Substrate Variables

In the field, we quantified substrates with respect to orientation and relative size. 
We determined substrate orientation by digitizing two endpoints of the substrate 
traversed by the individual for each stride included in the sample, and calculating 
its angular orientation relative to the horizontal plane. For categorical comparisons, 
“horizontal” included all substrates with orientations between –10 and +10 degrees. 
We categorized substrates with all other negative angles as declines and substrates 
with all other positive angles were categorized as inclines. Substrate orientations 
sampled ranged from –69° to +89°. Actual substrate sizes were unknown because 
the video images lacked an absolute scale. Therefore, we digitized substrate diam-
eters, and calculated relative substrate size as substrate diameter divided by the 
animal’s trunk length. Schultz (1963) reported that among squirrel monkeys, foot 
length is typically 41% of trunk length. Assuming the feet would need to grasp 
across at least half the circumference of a branch for it to be considered easily 
graspable (Cartmill 1974), we estimated that Saimiri would have more difficulty 
grasping branches with a circumference greater than 80% of trunk length. Since 
circumference is equal to p*diameter, we categorized relative substrate sizes 
(expressed as a proportion of trunk length) as “small” when below 0.25 and “large” 
when above 0.25. Overall, relative substrate sizes from the field data ranged from 
0.04 to 0.73. In the lab, substrates consisted of an elevated 3.2 cm pole and the flat 
floor of the test runway, both of which were horizontal. So that “arboreal” 
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laboratory and field data could be compared directly, the relative diameter of the 
pole was also expressed as a proportion of trunk length. Relative substrate size of 
the pole across all laboratory subjects ranged from 0.20 to 0.25 and was therefore 
comparable to a “small” branch.

Statistical Analyses

We used c2 tests of goodness of fit to examine proportional differences in categori-
cal gait type, i.e., LSLC, LSDC, DSDC, attributable to substrate type, orientation, 
and relative size. Limb phase was non-normally distributed across most of our 
categorical subgroups. Categorical differences in limb phases were therefore exam-
ined using either nonparametric Kruskal-Wallis tests, supplemented by post hoc 
Wilcoxon rank-sum tests with a Sequential Bonferroni correction (Rice 1988), or 
rank-based analyses of covariance (ANCOVA: Conover and Iman 1981), specify-
ing duty factor as the covariate. Mean duty factor, in contrast, was normally distrib-
uted across most subgroups. Because duty factor correlates strongly with relative 
speed across conditions (see later), we examined categorical differences in duty 
factor using ANCOVAs, specifying relative speed as the covariate. Post hoc analy-
ses following significant ANCOVAs were examined using Tukey’s T-method 
(Sokal and Rohlf 1995). Finally, we examined associations between continuous 
kinematic and substrate parameters using either Spearman rank-order (r) or 
Pearson product-moment correlations (r), depending on data normality.

Results

Comparison of laboratory- and field-based data on quadrupedal 
locomotion in Saimiri boliviensis

Limb Phase

In both laboratory and field, Saimiri boliviensis most frequently used DSDC gaits 
(c2

[4]
 = 35.7, p < 0.001). Nevertheless, it is notable that squirrel monkeys also used 

LSDC or LSLC gaits in all three conditions, i.e., pole, floor, branches, albeit in 
lower frequencies (Fig. 17.2a, b). Limb phase correlates significantly negatively 
with duty factor on both branches and pole (branches: r = –0.53, p < 0.001; pole: 
r = –0.50, p < 0.001) but not on the floor (r = 0.12, p = 0.24). The lack of correla-
tion between limb phase and duty factor during locomotion on the floor is due to 
the squirrel monkeys’ flexible use of both DS and LS gaits at all duty factors. After 
controlling for the influence of duty factor when appropriate, we found Saimiri 
boliviensis to have used significantly higher average limb phases on the pole than 
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on the floor (U
S[101,71]

 = 4627, p < 0.01), but statistically similar average limb phases 
on the pole and on branches (F

[1,117]
 = 1.0, p = 0.32; Fig. 17.2c, Table 17.1). Limb 

phase did not differ between branches and the floor, perhaps due to increased vari-
ability in these conditions. On the floor, where balance issues are nonexistent, and 
hands and feet are not employed in grasping, any functional constraints on limb 
phase are likely alleviated, freeing the monkeys to utilize a wider variety of gaits 
(Vilensky and Larson 1989; Schmidt 2005). On the other hand, the variability of 
limb phase on branches cannot be interpreted without a more in-depth analysis of 
substrate variation encompassed by this category (see natural substrate section 
later). 
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Speed and Duty Factor

Consistent with the results of numerous laboratory studies, duty factor and relative 
speed had an inverse relationship across lab-based and field-based data (branch: r 
= –0.62, p < 0.001; pole: r = –0.68, p < 0.001; floor: r = –0.53, p < 0.001; Fig. 17.3). 
However, at a given relative speed, Saimiri boliviensis used higher duty factors on 
natural substrates than either the pole or floor (F

[2,219]
 = 5.6, p < 0.01). In other 

words, limb contact times were longer relative to stride duration on branches than 
on smooth poles or on a flat surface, even after controlling for the effects of speed 
(Fig. 17.3, Table 17.1).

Effects of Natural Substrate Variation on Quadrupedal 
Locomotion in Saimiri boliviensis

Substrate Orientation

Limb phase: Substrate orientation had no clear effect on limb phase. Squirrel mon-
keys used DSDC, LSDC, and LSLC gaits on inclining, declining, and horizontal 
branches but DSDC gaits were highly preferred on each type (Fig. 17.4a, b). There 
was no correlation between substrate angle and limb phase (r = 0.006, p = 0.96), 
and average limb phases did not differ across categories of substrate orientation 
(H

[2 ]
 = 0.143, p = 0.931; Fig. 17.4c, Table 17.1).

Speed and duty factor: Relative speed did not correlate with substrate orientation (r 
= –0.15, p = 0.29), indicating that squirrel monkeys used similar ranges of  relative 
speed across declining, inclining, and horizontal branches. At a given  relative speed, 
duty factors tended to be higher on inclines than on horizontal or declined branches 
(Fig. 17.5, Table 17.1), but this difference was not significant (F

[2,44]
 = 1.2, p = 0.31).

Table 17.1 Summary statistics of the kinematic data set

n

Gait type

Duty factor Limb phaseLSLC (%) LSDC (%) DSDC (%)

Substrate type

Branch  67 10 16 73 60.3 ± 0.05 51.5 ± 0.15
Pole  71 13 — 87 57.7 ± 0.04 56.1 ± 0.15
Floor 101 38  5 57 57.7 ± 0.04 43.9 ± 0.21

Branch orientation

Decline  24 12 12 76 62.9 ± 0.05 51.0 ± 0.17
Horizontal  16 14  7 79 64.0 ± 0.05 50.7 ± 0.18
Incline  22  7 27 67 65.9 ± 0.05 51.7 ± 0.13

Branch size

Small  34 11  7 87 60.2 ± 0.04 52.9 ± 0.15
Large  13  9  9 82 63.5 ± 0.04 54.7 ± 0.15

Means ± SE presented for duty factor and limb phase. Least-squares corrected means, evaluated 
at the overall mean of relative speed, are presented for duty factor.
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Relative Substrate Size

Limb phase: Relative substrate size had no clear effect on limb phase. Squirrel 
monkeys used DSDC, LSDC, and LSLC gaits on both small and large substrates 
(Fig. 17.6a, b). Similar to the results for substrate orientation, squirrel monkeys 
used predominantly DSDC gaits on both large and small substrates. There was no 
correlation between limb phase and relative substrate size (r = 0.15, p = 0.36), and 
average limb phases did not differ significantly between small and large branches 
(U

S[34,13]
 = 124, p = 0.36; Fig. 17.6c, Table 17.1).

Speed, duty factor: Squirrel monkeys did not modulate their speed in a  consistent 
manner with respect to substrate size; relative speed and substrate size were uncorrelated 
(r = 0.02, p = 0.90). However, duty factor did vary with relative substrate size, even after 
controlling for the effects of speed (F

[2,114]
 = 9.3, p < 0.001). At a given relative speed, 

monkeys used significantly higher mean duty factors on large branches relative to small 
substrates, whether they are small branches or similarly sized poles (large branches – 
small branches: t

[55]
 = 2.8, p < 0.05; large branches – pole: t

[82]
 = 4.3, p < 0.001; Fig. 17.7, 

Table 17.1). Moreover, among all branches classified as “large,” mean duty factor cor-
related significantly positively correlated with substrate size (r = 0.73, p < 0.01; 
Fig. 17.8). Although sample sizes were reduced when we examined limbs separately, 
both hind and forelimb duty factors increased with substrate size, and the correlation was 
stronger in the forelimb (hind: r = 0.55, p = 0.051; fore: r = 0.71, p = 0.049). 

0 1 2 3 4 5

45

50

55

60

65

70

75

80

Relative Speed

M
ea

n
 D

u
ty

 F
ac

to
r

Branch

Pole
Floor

Fig. 17.3 The relationship between mean (fore-hind) duty factor and relative speed (trunk 
lengths/s) across two laboratory substrates (pole, floor) and all natural substrates (branch)



346 L.J. Shapiro et al.

Summary of Results

 1. Overall, limb phases did not differ with respect to substrate; DSDC gait was 
highly preferred by Saimiri on all substrates, in the laboratory as well as in its 
natural habitat.

 2. LSDC and LSLC gaits were used occasionally by Saimiri on natural substrates 
of all three orientations (horizontal, incline, decline) and both sizes (small, large), 
and on a flat laboratory surface. LSLC, but not LSDC gaits, were used on the 
laboratory pole.

 3. Variation in branch orientation or relative size did not affect relative speed.
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 4. Relative substrate size, but not substrate orientation, affected mean duty factor. 
At a given speed, Saimiri used significantly higher mean duty factors, i.e., rela-
tive contact times, on large branches than on small branches or poles of similar 
diameter to small branches, and mean duty factors increased as large branches 
increased in relative size.

Discussion

Previous laboratory studies on Saimiri assessed quadrupedal kinematics while 
subjects walked on flat horizontal or flat inclined “boards” (Prost and Sussman 
1969); flat horizontal, inclined, or declined treadmills (Vilensky and Patrick 
1985; Vilensky et al. 1994); horizontal wooden poles (Schmidt 2005); or a 
variety of substrates (Arms et al. 2002). Previous field studies of locomotion in 
Saimiri have provided ecological data on the relative frequency of quadrupedal 
locomotion on various substrates (Fleagle and Mittermeier 1980; Boinski 1989; 
Fontaine 1990; Mitchell 1990; Johnson and Shapiro 1998; Youlatos 1999). Our 
study expands on previous work by providing additional lab-based data, in 
conjunction with the first quantitative analysis of quadrupedal kinematics in 
Saimiri in a natural habitat. This allows us to assess 1) the consistency of 
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results across several laboratory-based studies, 2) the extent to which squirrel 
monkeys adjust their quadrupedal gait characteristics in response to substrate 
variation in size and angular orientation, and 3) the extent to which lab-based 
data represent natural locomotor behavior. Our data also provides insight on the 
benefits and limitations of both laboratory- and field-based kinematic 
analysis.

Our laboratory analysis tested horizontal substrates only. Prost and Sussman 
(1969) reported that Saimiri used LS gaits 63% of the time on level ground, and 
Vilensky et al. (1994) found exclusively LS gaits on a horizontal treadmill. 
Schmidt (2005) found that Saimiri used DS gaits exclusively on a 3 cm horizontal 
pole, and Arms et al. (2002) found that Saimiri used DS gaits nearly exclusively 
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(95% of all strides) on a variety of laboratory-constructed substrates. Our laboratory 
data do not correspond to any of these previous studies. On the floor, rather than 
preferring LS gaits, our squirrel monkeys preferred DSDC gaits (57% of the time), 
even though they used LSLC fairly often (38%) and LSDC occasionally (5%). On 
our pole, rather than using DSDC gaits exclusively, squirrel monkeys used DSDC 
87% of the time, and LSLC gaits the rest of the time. The variability of gait choice 
on horizontal flat surfaces both within our study and across other laboratory stud-
ies is consistent with Schmidt’s (2005) observation that if DSDC gait evolved for 
an arboreal adaptive advantage, primates’ limb phases should be less constrained 
in situations where grasping is not employed. Schmidt’s (2005) explanation is also 
consistent with her laboratory animals’ exclusive use of DS gaits on a pole, but 
begs the question as to why our squirrel monkeys used LSLC gaits in conjunction 
with DSDC gaits on a pole. It is possible that the use of LSLC gaits in our squirrel 
 monkeys was attributable to the fact that they were infants and juveniles, as other 
primates have been shown to use this type of gait as a transitory ontogenetic phase 
(Hurov 1982; Nakano 1996; Shapiro and Raichlen 2005, 2006). We cannot 
exclude this explanation without further analysis, but at a minimum, our data do 
not reveal a strict correlation of age with limb phase. It is also possible that the 
difference in pole data between our study and that of Schmidt (2005) simply 
expresses the flexibility of gait choice in primates (Vilensky and Larson 1989; 
Vilensky and Moore 1992).
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Our field analysis allowed us to test the effects of relative substrate size and 
orientation on quadrupedal kinematics. Current hypotheses emphasize that DS gait 
and other unusual aspects of primate quadrupedalism, e.g., accentuated forelimb 
protraction at touchdown, higher peak vertical forces on hind limbs than forelimbs, 
increased limb yield, long stride lengths, low stride frequencies, long limb contact 
times, most likely evolved because they provide a particular advantage for navigat-
ing “small” branches (Larson 1998; Schmitt and Lemelin 2002; Cartmill et al. 
2002, 2007a,b). This view is supported by laboratory studies demonstrating that 
when primates switch from the floor to an artificial arboreal substrate such as a 
pole, or from larger to smaller poles, at least some aspects of their kinematics 
become more “primate-like” (Schmitt 1999, 2003b; Schmitt and Hanna 2004; 
Stevens 2007; Wallace and Demes 2008). Specific to the variables addressed in our 
study, laboratory studies have shown that DS gait increases in frequency on poles 
compared to floors (Wallace and Demes 2008; this study), and on inclines com-
pared to declining or horizontal substrates (Prost and Sussman 1969; Vilensky et al. 
1994; Stevens 2003; Nyakatura 2008). Duty factors (or limb contact times) have 
been shown to increase on poles compared to floors (Schmitt 1999), on relatively 
smaller compared to larger poles, and on declines (Stevens 2003). Therefore, 
previous laboratory studies combined with evolutionary hypotheses would lead to 
the prediction that limb phase should increase on relatively small and/or inclined 
substrates, and duty factor, i.e., relative limb contact time, should increase on 
relatively small and declined substrates.
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To the contrary, at Manu, squirrel monkeys did not adjust limb phase in any 
consistent manner in response to changing substrate size or orientation. The influ-
ence of substrate size on limb phase has not been widely studied. However, contrary 
to the consensus view of primate quadrupedalism, Dunbar and Badam (2000) 
observed that juvenile macaques in a natural setting preferred DS on the large end 
of branches and LS on the smaller, distal stems. Our field results are more consis-
tent with the only primate laboratory study directly assessing limb phase and rela-
tive substrate size (Stevens 2007) in which six strepsirrhines did not alter limb 
phase patterns on small versus large poles. In all other respects, however, our field 
study’s results are not consistent with most primate laboratory studies or ecologi-
cally based evolutionary hypotheses. In Saimiri boliviensis, DS does not appear to 
be particularly (nor exclusively) functionally associated with smaller or inclined 
substrates; it is used just as frequently on horizontals, declines and relatively large 
substrates. In addition, Saimiri boliviensis occasionally uses LS gaits on substrates 
of both sizes and all orientations. This could represent random flexibility and lack 
of “fine-tuning,” but it is also possible that instances of LS could be associated with 
substrate variables not measured here, such as branch surface continuity or branch 
compliance. In fact, Stevens (2006) showed that Loris tardigradus changed its limb 
phase when laboratory substrates were manipulated to challenge stability, i.e., 
rotated or displaced in different planes. Measuring substrate compliance and dis-
placement is rare in field studies (e.g., Demes et al. 1996), but continued work in 
this area would enhance our understanding of variation in primate kinematics.

The fact that Saimiri boliviensis employed the longest limb relative contact 
times (duty factors) on the largest substrates is not consistent with adaptive hypoth-
eses indicating that primates employ this kinematic adjustment to enhance stability 
and decrease branch oscillations on small, terminal branches. By comparison, 
Stevens (2003) found that strepsirrhines used higher duty factors on smaller sub-
strates, but the substrate size effect was subtle and variable across species. Although 
it seems counterintuitive that large branches should present more of a functional 
challenge to squirrel monkeys than smaller ones, we hypothesize that larger duty 
factors may be a response to the increasing difficulty of grasping as branch circum-
ference increases relative to hand or foot size. Certainly, we need more data from 
both laboratory and field to further test this hypothesis. Further study could also 
help reconcile the fact that we found no significant change in duty factors with 
substrate orientation, contra Stevens’ (2003) observations of increased duty factors 
on declines in strepsirrhines and observations of Nyakatura et al. (2008) of 
increased hind/fore duty factor ratios on inclines in cotton-top tamarins.

Because we studied the same species in the laboratory and field, we can evaluate 
the extent to which laboratory data are representative of more natural behavior. As 
discussed earlier, although the distribution of gait types used on the floor and on 
branches (combined) are more similar than the distribution of gait types used on the 
pole, variability of gait selection on the floor has little to do with arboreality and 
more to do with freedom from constraints associated with balancing the body. With 
respect to gait variability on branches, our study did not find a significant influence 
of relative substrate size or orientation. However, it is possible that gait choice on 
branches is correlated with substrate variables we have not measured here, such as 
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discontinuity or branch flexibility. After correcting for differences in duty factor, 
limb phases on the pole were similar on average to those observed on branches. 
However, the fact that gait choice was less variable on the pole than on branches, 
suggests that a single, stable, horizontal pole does not adequately capture the full 
extent of gait flexibility in Saimiri boliviensis. Nevertheless, some aspects of the 
arboreal environment are captured well by the use of horizontal poles in laboratory 
studies, as indicated by squirrel monkeys’ use of similar mean duty factors (at a 
given relative speed) on the pole compared to branches of the same size range.

The benefits of laboratory studies are that animals are more easily filmed and kine-
matic variables are more easily and accurately measured than in the field. In addition, 
unique biomechanical hypotheses can be tested by coaxing subjects to move on sub-
strates they might naturally avoid, or by artificially changing their biomechanical prop-
erties (e.g., Young et al. 2007). Primate laboratory studies are limited however, by the 
difficulty of housing or collecting data on more than a few individuals at a time, and by 
the difficulty of mimicking the complexity of an arboreal environment. Field studies 
allow one to collect data on many more individuals simultaneously and to test how 
“fine-tuned” primate locomotion is to the wide variety of substrate challenges found in 
the natural environment. In addition, field studies can be used to assess how kinematic 
characteristics might actually affect performance and therefore, evolutionary fitness 
(Arnold 1983). The disadvantages of locomotor field studies are that animals are diffi-
cult to film because they are either far away or obscured by foliage, and some variables 
cannot be measured without a fair amount of difficulty, e.g., substrate reaction forces.

The best solution is to use laboratory studies to test specific hypotheses in a 
controlled setting, while using field studies to evaluate the “messiness” of real 
locomotion and as a guide for selecting appropriate substrates for the lab. As a start, 
our comparative analysis has revealed that in order to capture the full range of qua-
drupedal kinematics employed by primates, laboratory studies would benefit from 
using a wider range of simulated arboreal substrates. Our field results suggest that 
varying substrate size may be even more critical than substrate orientation, while 
results from several laboratory studies imply that variation in substrate orientation 
is also very functionally informative. Of course, substrate variation is much more 
complex than simply size or orientation. Primates face other arboreal challenges 
such as discontinuous pathways and unstable branches. We were not able to assess 
these here, but such factors might have accounted for a portion of the kinematic 
variation we discovered. Although the true complexity of natural substrates and/or 
irregular locomotor movements are difficult to measure in the field, it is promising 
to see efforts to address some of these factors in a controlled laboratory setting 
(e.g., Stevens 2003, 2006; Demes et al. 2006; Higurashi et al. 2008).

Summary and Conclusions

To summarize, our field study of quadrupedal kinematics revealed that Saimiri bolivi-
ensis did not “fine-tune” its limb phases in a consistent manner with respect to relative 
substrate size or substrate orientation, but this species did significantly increase its duty 
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factors in response to increased branch size. Our laboratory study revealed (not surpris-
ingly) that quadrupedal kinematics on the floor is not a good representation of an 
arboreal primate’s behavior in a natural habitat. Our laboratory monkeys used compa-
rable duty factors and average limb phases when moving on the horizontal pole and 
similarly sized arboreal branches, but showed less variability in limb phase on the pole. 
Therefore, we conclude that laboratory studies can certainly be improved by incorpo-
rating more varied substrates, particularly with respect to size.

The flexibility exhibited by Saimiri boliviensis in limb phase across different 
natural substrates contradicts some previous laboratory studies on Saimiri and other 
primates that have found a clear effect of substrate orientation on limb phase, i.e., 
higher limb phases on inclines and lower limb phases on declines. It is also some-
what inconsistent with the view that DS gait in primates is functionally preferable to 
other gaits on relatively small branches, since both DS and LS gaits were used on 
small and large branches. Similarly, our results for duty factor are the opposite of 
what one would expect if primates were most challenged by stability on relatively 
small branches. There are several implications of the fact that our field results stand 
in distinction to laboratory studies. It is possible that our field study has revealed the 
need to examine aspects of substrate variation (in the laboratory or field) beyond size 
and orientation in order to determine what is driving kinematic variability in this 
species. Alternatively, Saimiri may happen to be a particularly flexible primate that 
does not require fine-tuning of its kinematic features to navigate complex and 
changing substrates. Either way, future studies of primate quadrupedalism, whether 
in the laboratory or the field, would benefit from a consideration of the unique 
biomechanical challenges presented by a complex natural environment as well as the 
distinctive approaches individual species may exhibit to those challenges.
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