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Summary
Gait mechanics in habitual quadrupedal primates has been explored thoroughly. However, 

little is known about the movements of quadrupedal primates that regularly engage in other, more 
specialized, forms of locomotion (e.g., suspensory or leaping). It is unclear whether the patterns 
of quadrupedal locomotion in these anatomically specialized species are compromised in some 
way compared to other more habitual quadrupeds. This study examined patterns of quadrupedal 
locomotion in two genera (Pygathrix and Trachypithecus) of Asian colobines. Pygathrix is well-known 
amongst the old-world monkeys for its unique ability to both walk quadrupedally above branches 
and to adopt arm-swinging locomotion similar to the gibbons. Trachypithecus are more typical 
arboreal quadrupeds which rarely exhibit suspensory locomotion. This study takes advantage of 
the highly diversified locomotor behavior observed within Asian colobines to determine if the use of 
arm-swinging Pygathrix effects the way species of this genus moves during quadrupedal locomotion 
compared to the movement of closely related non-suspensory colobines (Trachypithecus). 

Results of a principal component analysis of locomotor variables demonstrate that quadrupedal 
locomotion of Pygathrixis different than that of Trachypithecus. These differences arise from variation 
in stride duration, elbow and knee flexion at touchdown and mid-stance, and hindlimb swing phase.
The quadrupedal gaits of Pygathrix are characterized by some traits that increase security, but are 
also accompanied by a relatively more extended elbow and knee positions that act to increase the 
tendency for the animal to lose balance. Quadrupedal gaits of Trachypithecus are all similar to each 
other, representing minimal intrageneric variation.

Có phải tất cả các kiểu di chuyển bằng 4 chân đều giống nhau? 
Mối quan hệ giữa hình thái và chức năng của kiểu di chuyển này ở 
những loài colobine châu Á có sự khác biệt về tập tính

Tóm tắt
Hình dáng vận động kiểu di chuyển 4 chân thuần túy ở những loài thú linh trưởng đã được nghiên 

cứu nhiều. Tuy nhiên, kiến thức về những loài linh trưởng di chuyển 4 chân có sự kết hợp với những 
kiểu di chuyển khác như nhảy, tung người kiểu vượn vẫn còn ít được biết đến. Hiện tại vẫn chưa 
rõ kiểu di chuyển bằng 4 chân ở những loài đặc biệt này có sự liên quan nào với những loài còn 
lại. Nghiên cứu này phân tích mô hình di chuyển kiểu 4 chân ở hai giống đặc biệt Pygathrix và 
Trachypithecus. Giống Pygathrix được biết nhiều về khả năng đặc biệt trong các kiểu vận động khi 
vừa có thể đi bộ bằng 4 chân trên cành và di chuyển kiểu tung người giống vượn.

Giống Trachypithecus thì đặc trưng với kiểu di chuyển 4 chân trên cây và rất hiếm có kiểu vận 
động tung người. Nghiên cứu này đã có cơ hội ghi tập tính vận động đa dạng ở các loài colobine châu 
Á nhằm xác định tập tính vận động kiểu tung người ở giống Pygathrix ảnh hưởng ra sao đến kiểu vận 
bằng 4 chân, và so sánh với kiểu vận động bằng 4 chân của các loài thuộc giống Trachypithecus 

Kết quả phân tích, so sánh về sự đa dạng trong các kiểu vận động đã chỉ ra rằng kiểu chi chuyển 
4 chân ở giống Pygathrix thì khác biệt với giống Trachypithecus. Những khác biệt này được lý giải 
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bởi: sự sai khác của sải chân, sự mềm dẻo của khuỷu tay và đầu gối khi đặt các chi xuống giá thể 
và thế đứng. Dáng đứng 4 chân ở Pygathrix nhằm tăng thêm sự vững chắc, và cũng đi kèm với xu 
hướng tăng sự cân bằng tạo bởi vị trí của đầu gối và khuỷu tay. Dáng đứng 4 chân của các loài thuộc 
Trachypithecus thì giống nhau và có ít sự khác biệt.

Introduction
In many taxa, morphology and behavior match the mechanical requirements of locomotion to 

produce an effective system. Gibbons have incredibly long arms compared to other primates, which 
serve to increase pendulum length thereby increasing the energetic efficiency of the system (Fleagle 
1974; Granatosky 2016; Michilsens et al. 2011). Similarly, the bodies of hyenas are well-suited to 
long-distance travel over land. Along with this, they use walking and running gaits that minimize 
the metabolic cost of locomotion for their body plans (Spoor & Belterman 1986). In both of these 
cases, evolution has resulted in morphology and behavior that function efficiently in a single mode 
of locomotion. This is, however, not always the case. Consider the vampire bat that spends much of 
its time in flight, but must also maneuver on land (Riskin et al. 2006; Riskin & Hermanson 2005). As 
the result of having a body well-suited to flight, vampire bats are less agile on the ground than typical 
terrestrial mammals, and thus move quite differently as well (Riskin et al. 2005; Riskin & Hermanson 
2005). In instances where an animal’s morphology meets the requirements of more than one form 
of movement, studies of form and function become more complex. In these cases, compromises 
of a form in favor of another must be considered. Organisms that perform more than one type of 
locomotion offer insight into how animals might transition between modes of transportation over the 
course of their evolution. 

Primates exhibit a remarkable diversity in locomotor capabilities, including a wide range of 
quadrupedal gaits both on arboreal and terrestrial supports, horizontal leaping and bounding, leaping 
between vertical supports, and arm-swinging (Fleagle 2013; Hunt et al. 1996; Napier and Napier 
1967; Napier 1967). Quadrupedalism, however, remains the most common form of locomotion among 
primates and is often considered the basal form of locomotion for the order (Hunt et al. 1996; Rose 
1973). All members of the order, with the exception of gibbons (Vereecke et al. 2006), are capable of 
moving quadrupedally for some distance (Fleagle 2013; Granatosky et al. 2016a; Napier and Napier 
1967). The mechanical characteristics of quadrupedal walking are well-characterized for those 
primates that are considered habitual quadrupeds (Demes et al. 1994; Franz et al. 2005; Hildebrand 
1967; Kimura et al. 1979; Larson et al. 2000; Schmitt 1999; Vilensky & Larson 1989). However, 
little is known about the movements of quadrupedal primates that regularly engage in other, more 
specialized, forms of locomotion [e.g., suspensory or leaping (Granatosky et al. 2016a) locomotion]. 
Furthermore, it is unclear whether the patterns of quadrupedal locomotion in these anatomically 
specialized species are compromised in some way compared to other more habitual quadrupeds.

Granatosky et al. (2016a) explored this issue by comparing the gait mechanics of arboreal 
quadrupedal locomotion in Propithecus coquereli, a dedicated vertical-clinging and leaping (VCL) 
primate to other species of quadrupedal lemurs. Vertical-clinging and leaping is a type of arboreal 
locomotion in which primates adopt orthograde postures at rest on vertically-orientated substrates. 
Movement is initiated through powerful hindlimb extension resulting in animals leaping from one 
vertical substrate to another (Crompton et al. 1993; Crompton et al. 2010; Demes et al. 1991; Fleagle 
2013; Napier & Walker 1967; Stern and Oxnard 1973). The anatomy of VCL primates is characterized 
by relatively long hindlimbs compared to the short forelimbs (Burr et al. 1982; Connour et al. 2000; 
Demes et al. 1996; Gebo & Dagosto1988; Hall-Craggs 1965; Oxnard et al. 1981a;. 1981b; Ravosa et 
al. 1993; Schaefer & Nash 2007). This anatomical pattern is thought to make quadrupedal locomotion 
ungainly and inefficient (Wunderlich et al. 2014; 2011), but despite this, arboreal quadrupedal 
locomotion has been witnessed in a number of VCL primates, albeit rarely. Granatosky et al. (2016a) 
observed that during arboreal quadrupedal locomotion P. coquereli displayed locomotor patterns 
that were very similar to what was observed in other arboreal lemurs. The finding that P. coquereli 
adopts the characteristic patterns of primate arboreal locomotion provides evidence for the idea that 
these patterns may represent a basal primate gait condition, and that little variation in the mechanics 
of primate quadrupedal locomotion may be present. 
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In the present study, we test the effects of compromised behavior and morphology on the 
mechanics of quadrupedal locomotion using a multivariate approach. Specifically, we take 
advantage of the highly diversified locomotor behavior observed within the Asian colobines (Genus: 
Pygathrix and Trachypithecus) to determine if the use of arm-swinging, observed in Pygathrix (Byron 
& Covert 2004; Granatosky 2015; Su and Jablonski 2009; Workman & Covert 2005), effects the way 
species of this genus moves during quadrupedal locomotion compared to the movement of closely 
related non-suspensory colobines (i.e., Trachypithecus)(Wang et al. 2012).

The ability of the members of the genus Pygathrix to engage in arm-swinging locomotion has 
been well-documented (Byron & Covert 2004; Su & Jablonski 2009; Workman and Covert 2005). 
The kinetics and kinematics of arm-swinging in Pygathrix closely match data that has been reported 
in other species of arm-swinging primate [i.e., Hylobates and Ateles; (Granatosky 2015; Schmitt et 
al. 2016). Arm-swinging primates are faced with an unusual set of challenges compared to non-
suspensory species (Andrews & Groves 1976; Fleagle 2013; Granatosky 2015; Granatosky 2016). 
Generally, large body-size makes upright quadrupedal locomotion difficult for suspensory species, 
as they are faced with an increased tendency to topple off the support (Cartmill 1985; Grand 1972). 
Consequently, slow and deliberate gaits may be necessary for these species when moving above 
branches (Cartmill 1985). Additionally, effective arm-swinging requires significant joint excursions 
and mobility in order to achieve pendulum-like locomotion, but this, in turn, results in relatively weak 
joints that cannot support high compressive loads (Granatosky 2016; Kimura et al. 1979; Larson 
1998; Reynolds 1985). As a result, many highly suspensory primates demonstrate an unusual set of 
mechanisms to reduce weight-support on the forelimbs (Kimura et al. 1979; Larson 1998; Reynolds 
1985). We hypothesize that Pygathrix will display specific gait mechanisms that are thought increase 
security and to reduce high compressive loads on the forelimb, and will, therefore, demonstrate 
aspects of their quadrupedal gaits that are distinct from the other Asian colobines. We also anticipate 
that members of the genus Trachypithecus will demonstrate few intrageneric gait differences, as 
quadrupedal locomotion remains the most commonly used form of movement within this genus.

Materials and Methods
Kinematic and spatiotemporal gait data were collected during arboreal quadrupedal locomotion 

from captive P. nemaeus, P. cinerea, T. crespusculus, T. delacouri, T. hatinhensis, and T. 
poliocephalus at the Endangered Primate Rescue Center in Cuc Phuong National Park, Nho Quan 
District, Ninh Binh Province following the protocols approved Duke’s Institutional Animal Care and 
Use Committee. All animals were adults and were clear of any pathologies or gait abnormalities 
(Table 1). The methods used here have been described extensively elsewhere (Demes et al. 1994; 
Granatosky et al. 2016a; Granatosky 2016; Schmitt & Hanna 2004), and will only be summarized 
below.

The animals were videotaped from a lateral view during arboreal quadrupedal walking using a 
GoPro camera (Hero 3+ Black Edition; GoPro, San Mateo, CA) modified with a Back-Bone Ribcage 
(Ribcage v1.0; Back-Bone, Ottawa, ON), which allows the GoPro cameras to be outfitted with 
interchangeable lenses and eliminates image distortion inherent to the camera. All videos were 
recorded at 120 fields/second (Granatosky et al. 2016b). All strides were collected while animals 
walked above a straight simulated arboreal simulated support (7.62 cm diameter). For each step, the 
subject’s velocity was calculated by digitizing a point on the subject’s head and determining the time 
necessary to cross a known distance marked on the runway. Only strides in which the animal was 
traveling in a straight path and not accelerating or decelerating (i.e., steady-state locomotion) were 
selected for analysis. Steady-state locomotion was determined by calculating the instantaneous 
velocity between subsequent video frames throughout the entire stride, and then using regression 
analysis to determine whether velocity changed throughout the stride. Only strides in which no 
change in velocity was detected were used for subsequent analyses. As variation in speed has been 
shown to affect various aspects of locomotor performance, a non-parametric ANOVA was performed 
between the study species to determine if there were any significant differences in speed that may 
unintentionally confound the variables of interest.

From video recordings, we calculated diagonality, stride duration, stride distance, forelimb 
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and hindlimb duty factor, and forelimb and hindlimb relative swing phase for each stride for each 
individual (see Table 2 for information about variables). Additionally, the position of the shoulder, 
hip, elbow, knee, wrist, and ankle were collected over the course of support phase (i.e., when the 
limb is in contact with the substrate). The resulting x-y coordinate data was used to track angular 
movements in the shoulder, hip, elbow, and knee.All limb angles were digitized using DLT Dataviewer 
(Hedrick 2008) in MATLAB. All angular movements were measured in degrees (o). To make joint 
movements comparable between strides, different individuals, and different species, all joint data 
were scaled as a percentage of support phase. Shoulder and hip angles were measured relative to 
the vertical axis of the body [i.e., when the arm passed directly above the head this was considered 
the neutral position (0o)]. Angles greater than 0o represent shoulder and hip protraction, while angles 
less than 0o represent shoulder and hip retraction. Elbow and knee angles always reflect elbow and 
knee flexion, where 180o represents maximum elbow and knee extension. From the scaled data 
on joint movements, the general pattern of shoulder, hip, elbow, and ankle angular positions were 
compared statistically only at specific intervals [i.e., touchdown (when the limb comes in contact with 
the support), mid-stance (when the wrist comes to pass under the shoulder), and lift-off (when the 
limb leaves the support) for the knee and elbow, and touchdown and lift-off for the shoulder and hip].

Table 1.  Animal subjects used in the study, primary locomotor mode repertoire for each species, and the number of strides analyzed for each species.

Species Primary locomotor repertoire* Number of 
individuals

Number 
strides 

analyzed

Pygathrix cinerea
Arboreal quadruped with some leaping, 

climbing. Suspensory behavior is common.
2 15

Pygathrix 
nemaeus

Arboreal quadruped with some leaping, 
climbing. Suspensory behavior is common.

4 7

Trachypithecus 
crepusculus

Arboreal quadruped with some climbing and 
leaping behavior. Suspensory behavior is rare. 

2 11

Trachypithecus 
delacouri

Arboreal and terrestrial (karst landscape) 
quadruped with some climbing and leaping 

behavior. Suspensory behavior is rare.
2 6

Trachypithecus 
hatinhensis

Arboreal quadruped with some climbing and 
leaping behavior. Suspensory behavior is rare.

2 12

Trachypithecus 
poliocephalus

Arboreal and terrestrial (karst landscape) 
quadruped with some climbing and leaping 

behavior. Suspensory behavior is rare.
2 10

*  Primary locomotor repertoire determined from Byron & Covert (2004), Su & Jablonski (2009), 
Workman & Covert 2005, and Workman & Schmitt (2012).
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Table 2.  Locomotor variables used to assess patterns of quadrupedal locomotion within the species analyzed in this study.*

Locomotor 
variable Definition Functional significance Prediction for 

study species

Diagonality The percentage 
of the stride cycle 
interval the footfall 
of a forelimb 
follows behind the 
ipsilateral hindlimb. 
Diagonality can 
be dividedinto five 
classes: (a) Lateral 
Sequence Lateral 
Couplets (0 ≤LSLC< 
25); (b) Lateral 
Sequence Diagonal 
Couplets (25 
≤LSDC< 50); (c) Trot 
(= 50); (d) Diagonal 
Sequence Diagonal 
Couplets (50 < 
DSDC ≤ 75); and (e) 
Diagonal Sequence 
Lateral Couplets (75 
< DSLC < 100).

Lateral-sequence, lateral-couplet footfall 
patterns are thought to prevent interlimb 
interference. However, this footfall pattern 
is thought to be inherently unstable 
because a majority (~66%) of the stride is 
spent as a unilateral bipod, which tends 
to roll the body side-to-side throughout 
the stride.
Lateral-sequence, diagonal-couplet 
footfall patterns are more stable than LSLC 
gaits due to the generally low proportion 
of the stride spent as a unilateral bipod 
(~22%), and the relatively high proportion 
of the stride spent as a diagonal bipod 
(only two contralateral limbs in contact 
with the support) and large tripod (three 
widely splayed limbs in contact with the 
support). 
Diagonal-sequence, diagonal-couplet 
footfall patterns, and trots maximizes 
the proportion of the stride in which the 
limbs are arranged as a widely splayed 
diagonal bipod.
Diagonal-sequence, lateral-couplet 
footfall patterns are rarely observed.

P r i m a t e s , 
in general, 
demonstrate an 
almost exclusive 
use of DSDC 
gaits. There 
may be a higher 
presence of 
LSLC in Pygathrix 
due to the slightly 
e l o n g a t e d 
limbs due to 
s u s p e n s o r y 
locomotion. 

Stride 
duration

Defined as the 
amount of time 
(in seconds) from 
one right hindfoot 
touchdown to the 
next right hindfoot 
touchdown

Longer stride durations may indicate 
slower more deliberate forms of travel.

Pygathrix may 
d e m o n s t r a t e 
slower strides 
as a means to 
increase security 
while walking 
quadrupedally. 
S u s p e n s o r y 
locomotion may 
be used for faster 
gaits. 

Stride 
distance

Defined as the 
distance traveled 
(meters) from 
one right hindfoot 
touchdown to the 
next right hindfoot 
touchdown

Longer stride distances may indicate 
more energetically efficient locomotion. 
Additionally, during arboreal locomotion 
increased stride distance results in a 
lower number of times the animal makes 
contact with the substrate for a given 
distance. Lower stride frequency results 
in lower substrate oscillations resulting in 
more secure arboreal locomotion. 

Pygathrix may 
d e m o n s t r a t e 
longer stride 
distances due 
to the slightly 
e l o n g a t e d 
limbs due to 
s u s p e n s o r y 
locomotion.
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Duty factor The amount of time 
the limb (forelimb 
or hindlimb) is in 
contact with the 
support (sec) 
divided by the 
duration of the stride 
(sec)

Longer duty factors are associated with a 
greater relative time the limb is in contact 
with the support. Longer duty factors may 
represent a mechanism for increased 
security during locomotion. 

Pygathrix may 
contact the 
support longer to 
increase security 
while walking 
on top of thin 
supports.

Relative 
swing 
phase

The amount of time 
the limb (forelimb 
or hindlimb) is not 
in contact with 
the support (sec) 
divided by the 
duration of the stride 
(sec)

Shorter relative swing phases are 
associated with a shorter relative time 
the limb is not in contact with the support. 
Shorter relative swing phases may 
represent a mechanism for increased 
security during locomotion.

P y g a t h r i x 
may reduce 
swing phase 
as a means to 
increase security 
while walking 
on top of thin 
supports.

Shoulder 
and hip 
protraction 
and 
retraction

Limb protraction 
and retraction is the 
angle of the humerus 
and femur relative 
to the vertical axis 
of the limb at the 
beginning, middle, 
and end of stance 
phase (Schmitt 
2011).

Depending on the stiffness of the limb, 
increased protraction can result in 
decreasedpeak vertical forces and 
increased vertical oscillations of the 
center of mass (COM), which can 
influence the energetic costs and security 
of movement. Greater protraction and 
retraction can also result in increased 
stride distance (see explanation above)

Pygathrix may 
d e m o n s t r a t e 
i n c r e a s e d 
shoulder and 
hip protraction 
and retraction 
to reduce peak 
vertical forces 
on the forelimbs 
and reduce 
oscillations of the 
COM. 

Elbow 
and knee 
flexion

Elbow flexion 
measured as the 
internal angle 
between the 
shoulder, elbow, 
and wrist. Knee 
flexion measured as 
the internal angle 
between the hip, 
knee, and ankle.

Largely as a measure of limb stiffness 
that may influence both load and possibly 
oscillations of the COM. Changes in limb 
yield have been implicated as part of the 
explanation for the unusual distribution of 
forces in primates in which peak forces are 
generally higher on the hindlimbs than they 
are on the forelimbs. Crouched limb postures 
may also be associated with increasing 
balance on thin arboreal supports.

Pygathrix may 
d e m o n s t r a t e 
increased elbow 
and limb flexion 
to reduce peak 
vertical forces on 
the forelimbs and 
increase balance 
on thin arboreal 
supports. 

*  Definitions, functions, and interpretations derived from Granatosky (2016),Karantanis et al. 
(2015), Larney & Larson (2004), Schmitt(1999 and 2011).

To compare locomotor behavior across groups we used principal components analysis (PCA) 
to create a three-dimensional representation of locomotion data. We chose this tool because PCA is 
the most effective way to represent multivariate data in the least variables possible (Sokal  & Rohlf 
2012). All data analyses were conducted using the custom-made software in MATLAB (MathWorks, 
2016a). Measurements included in the PCA consisted of diagonality, stride duration, stride distance, 
forelimb and hindlimb duty factor, forelimb and hindlimb relative swing phase, and shoulder, hip 
elbow, and knee angle at touchdown, mid-stance, and lift-off. Shapiro-Wilk and Levene’s tests were 
conducted to assure normality and equality of variances for the data. These statistical tests were 
conducted in JMP Pro ver. 12 (SAS; Cary, NC). Groups were then separated based on taxonomic 
affiliation, and distances between clouds of grouped data were analyzed using a mahalanobis 
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distance calculation. The mahalanobis distance is calculated using standard deviation and mean 
of a cloud compared to a point; for all combinations of two groups, a “reference cloud” was chosen 
and a “test cloud” was chosen. We calculated the standard deviation and mean for the reference 
cloud. The mahalanobis distance is calculated as one unit per standard deviation from the center 
of the reference cloud. A mahalanobis distance was calculated for each point in the test cloud. 
The smallest five percent of distances were excluded and the next smallest point was recorded. 
Then, for that same combination of two groups, the test cloud is then used as a reference cloud and 
the reference cloud is used as a test cloud. If either of those two recorded points returns a value 
less than 1.96 standard deviations (the 0.95 benchmark) away from the center of the other cloud, 
those clouds are deemed insignificantly similar. If both of those returned values supersede the 1.96 
distance benchmark, those clouds are deemed significantly different. Z values are represented by 
recorded mahalanobis distances and were used to calculate P values for further conviction regarding 
the significance of grouping differences. All P-values were adjusted for multiple comparisons by 
the Bonferroni method to account for type I error resulting from multiple comparisons. Although 
there has been considerable discussion recently concerning the possibility that adjustments for 
multiple comparisons like the Bonferroni method are too conservative (Nakagawa 2004), this study 
retains their use in order to make the most robust argument possible, while acknowledging that our 
significance may be a conservative estimate.

Results
Summary statistics for each species are reported in Table 3.The speed range between species 

was narrow, but significant differences were observed between P. cinereaversusT. crepusculus and P. 
cinereaversusT. poliocephalus. Results from the PCA analysis are shown in Table 4, as well as Figures 
1, 2, and 3. The first three principal components account for 53.59% of all variance within the sample 
(Table 4). The first principal component accounts for 24.55% of all observed variation and separates 
Pygathrix from Trachypithecus. Factor scores on this axis are most highly correlated with stride time 
(positively), elbow position at mid-stance (positively), elbow position at touchdown (positively), knee 
position at mid-stance (positively), knee position at touchdown (positively), and hindlimb swing 
phase (negatively). Both species of Pygathrix had large positive mean values within this component. 
Conversely, all four Trachypithecus species were negatively valued on average; T. crepusculus and 
T. delacouri were close to zero, whereas T. hatinhensis and T. poliocephalus exhibited a much higher 
polarization from the Pygathrix groups along this axis. On average, Pygathrix groups demonstrate high 
scores on this axis and exhibit relatively longer stride times, more extended elbow and knee positions 
at touchdown and mid-stance, and relatively shorter swing phase in the hindlimb.
Table 3.  Mean and standard deviation values for kinetic and spatiotemporal gait variables collected during quadrupedal locomotion in the study species.

Species Pygathrix 
cinerea

Pygathrix 
nemaeus

Trachypithecus 
crepusculus

Trachypithecus 
delacouri

Trachypithecus 
hatinhensis

Trachypithecus 
poliocephalus

Speed (m/s) 0.62± 0.10 0.72 ± 0.18 0.97 ± 0.36 0.74 ± 0.18 0.83 ± 0.24 0.97 ± 0.28

Forelimb 
duty factor

0.61 ± 0.06 0.62 ± 0.07 0.63 ± 0.09 0.58 ± 0.08 0.57 ± 0.08 0.54 ± 0.05

Forelimb 
relative 
swing phase

0.39 ± 0.04 0.38 ± 0.06 0.45 ± 0.13 0.42 ± 0.12 0.37 ± 0.07 0.42 ± 0.04

Humeral 
angle TD (o)

116.61 ± 
9.96

119.98 ± 
9.99

115.44 ± 14.18 104.52 ± 11.46 109.23 ± 9.23 98.04 ± 7.23

Humeral 
angle LO (o)

35.55 ± 
7.58

36.48 ± 
6.64

29.17 ± 6.64 29.20 ± 4.08 29.62 ± 8.07 28.95 ± 4.83

Elbow flexion 
TD (o)

157.49 ± 
7.12

164.55 ± 
8.04

151.05 ± 13.43 144.26 ± 9.05 146.25 ± 8.66 142.54 ± 6.41
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Elbow flexion 
MS (o)

135.83± 
6.87

139.26± 
9.09

124.89± 5.53 130.13± 9.46 127.23± 10.79 114.9± 6.78

Elbow flexion 
LO (o)

134.21 ± 
8.96

140.03 ± 
14.21

135.23 ± 11.73 136.97 ± 13.91 132.42 ± 11.07 127.09 ± 5.41

Hindlimb 
duty factor

0.65 ± 0.04 0.63 ± 0.03 0.64 ± 0.05 0.61 ± 0.03 0.61 ± 0.06 0.61 ± 0.04

Hindlimb 
relative 
swing phase

0.35 ± 0.04 0.37 ± 0.03 0.36 ± 0.05 0.39 ± 0.03 0.39 ± 0.06 0.39 ± 0.04

Hip angle 
TD (o)

132.92 ± 
9.92

136.31 ± 
9.37

139.24 ± 6.74 132.71 ± 6.41 136.12 ± 5.27 133.58 ± 3.94

Hipangle 
LO (o)

75.94 ± 
12.17

73.50 ± 
14.80

74.92 ± 11.72 76.14 ± 8.63 79.01 ± 11.64 78.68 ± 6.49

Kneeflexion 
TD (o)

154.68 ± 
4.80

142.14 ± 
10.70

145.14 ± 10.22 145.89 ± 5.12 141.16 ± 8.74 137.29 ± 3.64

Kneeflexion 
MS (o)

130.26 ± 
6.48

123.80 ± 
7.98

113.32 ± 6.85 122.94 ± 11.21 121.49 ± 5.67 113.51 ± 5.91

Kneeflexion 
LO (o)

136.36 ± 
11.09

130.26 ± 
17.89

123.33 ± 13.94 129.56 ± 10.66 118.73 ± 10.14 116.59 ± 7.24

Diagonality 0.63 ± 0.03 0.65 ± 0.06 0.61 ± 0.07 0.60 ± 0.04 0.61 ± 0.04 0.64 ± 0.06

Stride time 
(sec)

1.21 ± 0.09 1.13 ± 0.10 0.85 ± 0.11 0.98 ± 0.18 0.81 ± 0.14 0.80 ± 0.12

Stride 
distance (m)

0.74 ± 0.14 0.81 ± 0.15 0.79 ± 0.20 0.72 ± 0.19 0.71 ± 0.22 0.79 ± 0.10

TDTouchdown, MSMid-stance, LOLift-off

Table 4.  Principal component loadings for the first three axes of the principal component analysis performed on locomotor variables.

Variable Factor 1 Number of 
individuals

Number strides 
analyzed

Forelimb duty factor
Forelimb relative swing phase
Humeral angle TD (o)
Humeral angle LO (o)
Elbow flexion TD (o)
Elbow flexion MS (o)
Elbow flexion LO (o)
Hindlimb duty factor
Hindlimb relative swing phase
Hip angle TD (o)
Hipangle LO (o)
Kneeflexion TD (o)
Kneeflexion MS (o)
Kneeflexion LO (o)
Diagonality
Stride time (sec)
Stride distance (m)

0.12
-0.19
0.28
0.27
0.32
0.36
0.14
0.26
-0.26
-0.06
-0.03
0.27
0.30
0.21
0.07
0.43
-0.03

-0.20
0.04
0.26
-0.12
0.25
-0.01
-0.13
-0.36
0.35
0.06
-0.47
0.12
-0.05
0.37
0.29
-0.01
0.29

0.43
0.27
-0.18
-0.15
-0.10
0.07
-0.08
-0.24
0.24
-0.26
-0.10
0.31
0.31
0.24
-0.34
0.00
-0.33

TDTouchdown, MSMid-stance, LOLift-off
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Fig.1.   Three-dimensional convex hulls representing locomotor data during quadrupedal walking of six species of Asian colobine. Convex hulls 
encapsulate all data points for a particular species. Hulls were formed using factor scores for the first, second, and third principal component 
axes of variables describing locomotor behavior.

Fig.2.   Principal component analysis of variables describing locomotor behavior during quadrupedal walking of six species of Asian colobine. Bivariate 
plot of factor scores for the first and second principal component axes of variables describing locomotor behavior. Data points presented as strides 
for each species [Pygathrix cinerea (red), Pygathrix nemaeus (yellow), Trachypithecus crepusculus (green), Trachypithecus delacouri (teal), 
Trachypithecus hatinhensis (blue), and Trachypithecus poliocephalus (pink)] with annotated points (black) representing each species means.

T. poliocephalus T. crepusculus T. delacouri

T. hatinhensis
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Fig.3.   Principal component analysis of variables describing locomotor behavior during quadrupedal walking of six species of Asian colobine. Bivariate 
plot of factor scores for the first and third principal component axes of variables describing locomotor behavior. Data points presented as strides 
for each species [Pygathrix cinerea (red), Pygathrix nemaeus (yellow), Trachypithecus crepusculus (green), Trachypithecus delacouri (teal), 
Trachypithecus hatinhensis (blue), and Trachypithecus poliocephalus (pink)] with annotated points (black) representing each species means.

The second principal component axis accounts for 18.03% of all variance within the sample. 
Values for hip retraction (negatively), knee angle at lift-off (positively), hindlimb duty factor (negatively), 
stride distance (positively), and hindlimb swing phase (positively) largely determined position along 
the second principal component axis (Table 4). There was a greater deal of intraspecific variation 
along this axis than that of the first principal component. Mean values all remained near to zero, with 
P. cinerea, T. delacouri, T. hatinhensis, and T. poliocephalus presenting slightly positive means, and 
P. nemaeus and T. crepusculus presenting slightly negative means (Figures 1 and 2). Species with 
high scores on this axis exhibit relatively a lower level of hip retraction and extended knees at lift-off, 
relatively lower duty factor and longer hindlimb swing phase, and a relatively longer stride distance. 

The third principal component accounts for 11.01% of the variation observed. The leading 
contributors to this variation include elbow angle at lift-off (negatively) and shoulder retraction 
(negatively). Like the second principal component, mean values of each species along the third 
principal component axis are close to zero. Pygathrix cinerea, T. delacouri, and T. hatinhensis 
occupy slightly positive positions on principal component three, while P. nemaeus, T. crepusculus, 
and T. poliocephalus occupy more negative positions (Figures 1 and 3). Animals with high values on 
this axis tend to have relatively flexed elbows and retracted hip positions at lift-off. 

Based on our mahalanobis distance comparisons, P. nemaeus and P. cinerea were both found to 
be significantly different from all Trachypithecus species, but not from each other. Most intrageneric 
comparisons within Trachypithecus species were insignificant (Table 5). However, the locomotor 
patterns of T. poliocephalus were statistically different from both T. crepusculus and T. delacouri. 
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Table 5.  Statistical comparison of all studied groups summarizing difference of locomotor behaviors. Bonferroni adjusted P-values used for statistical 
comparisons calculated using mahalanobis distances of scored variables. Bold text indicates significant differencebetween the locomotor 
behaviors of two species.

Pygathrix 
nemaeus

Trachypithecus 
crepusculus

Trachypithecus 
delacouri

Trachypithecus 
hatinhensis

Trachypithecus 
poliocephalus

Pygathrix cinerea
Pygathrix nemaeus
Trachypithecus crepusculus
Trachypithecus delacouri
Trachypithecus hatinhensis

0.075 ≤ 0.001
≤ 0.001

0.007
0.006
0.399

≤ 0.001
≤ 0.001
0.868
0.076

≤ 0.001
≤ 0.001
≤ 0.001
≤ 0.001
0.324

Discussion
Based on the results of our analysis, it is evident that quadrupedal walking gaits can be unique 

to individual species of primates, and, due to the close phylogenetic position of our study species 
(Wang et al. 2012), these differences are likely due to the functional demands of other locomotor 
compromises. In this study, we employed a novel means of analysis that has rarely been used to 
describe and compare locomotor data (Bergmann & Irschick 2010). The benefits of this technique 
are best explained through the number of criteria reviewed. In other methods of analysis, conclusions 
are drawn based on a small number of metrics. This method, conversely, allows us to represent a 
greater number of variables and thus we are able to paint a more comprehensive picture of locomotor 
patterns. Analyzing locomotor data using a PCA allows researchers an analytical means for assessing 
which traits selection likely acted upon by analyzing loadings. Therefore, use of this method may 
lead to new hypotheses and investigation about the evolution and functional consequences of those 
specific traits. 

This study took advantage of the locomotor diversity observed in the Asian colobines (i.e., 
Pygathrix and Trachypithecus) to determine whether the presence of a large amount of suspensory 
locomotion within the locomotor repertoire of Pygathrix alters the patterns of quadrupedal locomotion 
of this species. This does appear to be the case, and most of the observed differences arise from 
variation in stride duration, elbow and knee flexion at touchdown and mid-stance, and hindlimb 
swing phase. In general, Pygathrix exhibit relatively longer stride times, more extended elbow and 
knee positions at touchdown and mid-stance, and relatively shorter swing phase in the hindlimb. The 
opposite pattern was observed in all four of species of Trachypithecus. These findings partially follow 
what was expected based on our knowledge and predictions of the locomotor traits we elected to 
analyze (see Table 2).

Pygathrix is a relatively large-bodied species (8-10 kg; Fleagle 2013) of arboreal primate. Large 
body size makes upright arboreal quadrupedal locomotion difficult as there is greater tendency 
for the animal to topple off the support (Cartmill 1985; Grand 1972). This tendency is accentuated 
by extended limb positions that raise the center of mass (COM) further away from the support. 
The quadrupedal gaits of Pygathrix are characterized by some traits that increase security (i.e., 
reduced swing phase and longer stride durations), but are also accompanied by a relatively more 
extended elbow and knee positions. This combination of features makes interpretation difficult. In 
addition to raising the COM higher above the support, thereby decreasing balance, extended limb 
positions in the forelimb do not dissipate forelimb peak vertical forces (Schmitt 1994, 1999). In other 
suspensory primates (e.g. Ateles and Pongo) mechanisms to reduce forelimb peak vertical forces 
are of the utmost importance due to the mobile, but weak, joints of the shoulder that are incapable of 
dealing with high compressive loads (Kimura et al. 1979; Reynolds 1985). It’s possible that although 
suspensory locomotion does make up a significant proportion of Pygathrix’s locomotor repertoire, 
the fact that it is not as common as what is observed in other species (e.g. Ateles, Hylobates, and 
Pongo) may indicate that Pygathrix is not faced with the same mechanical stressors as these more 
obligate suspensory species. Further work comparing quadrupedal gaits of Pygathrix to those of 
some other suspensory primate (e.g. Ateles) should be conducted to address this possibility. 
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Among the four species of Trachypithecus analyzed, locomotor behavior was similar between 
all species as they occupied a similar region of locomotor morphospace distinct from Pygathrix. 
Although this result was anticipated, it is surprising that all four species should occupy such a similar 
locomotor morphospace, especially considering the use of “terrestrial” locomotion on limestone 
karst by T. delacouri and T. poliocephalus (Workman & Schmitt 2012). Although travel across rocks 
and cliffs by limestone langurs has been described as “terrestrial,” limestone karst in Vietnam is an 
uneven, inclined, sharp, and dangerous substrate, unlike the ground traversed by conventionally 
terrestrial primates. Although limestone karst environments may be similar to terrestrial substrates 
in offering a greater opportunity for continuous pathways compared to a discontinuous arboreal 
canopy, there are notable differences in these rocky substrates. Limestone cliffs offer finite and often 
shear surfaces that represent a risk for falling that other terrestrial substrates do not. They must be 
gripped and balanced on. The mechanical requirements of moving and resting in this unusual habitat 
have been equated with the difficulty of arboreal movement (Workman & Schmitt 2012). Based on the 
results of our study it appears that evolution for movement on limestone landscapes has not drastically 
altered patterns of quadrupedal locomotion observed in other Trachypithecus species. This finding 
may be due to the controlled substrates used in our experimental design, and interesting future work 
could come from analyzing the locomotor behaviors of the different Trachypithecus species in their 
native habitats. Additionally, a further analysis comparing the locomotion of Trachypithecus to other 
arboreal and terrestrial old-world monkeys would help to elucidate this issue further.

It is important to note that there are limitations to this study, and these should be taken into account 
when interpreting the results of our analyses. As discussed above, variation in speed between 
species can result in substantial gait differences. Although we attempted to analyze only strides with 
similar speeds (i.e., only walking gaits were included), there was still significant variation in speed of 
these walking gaits between species (i.e. P. cinerea versus T. crepusculus and P. cinerea versus T. 
poliocephalus). Despite these observed speed difference, it appears that this did not substantially 
influence the results as P. cinerea also significantly differed from the other Trachypithecus species and 
not from P. nemaeus. Another potential problem is in our sample size of limited individuals and a limited 
number of strides collected for those individuals. With this in mind, the results reported in this study 
should be considered preliminary. It is important to note that the Asian colobines studied in this work 
are rare species in the wild and captivity. Limited individuals are available for research purposes, and 
all work done on these animals should be considered valuable due to a scarcity of samples.

Conclusions
This study provides one of the first analyses of locomotion in a multivariate context. The value of 

this type of analysis allows for focused investigation of meaningful locomotor variables that may be 
under greater selective pressure. Specifically, we take advantage of the highly diversified locomotor 
behavior observed within the Asian colobines (Genus: Pygathrix and Trachypithecus) to determine 
if the use of arm-swinging, observed in Pygathrix, effects the way species of this genus moves 
during quadrupedal locomotion compared to the movement of closely related non-suspensory 
colobines (i.e. Trachypithecus). Using our multivariate techniques we effectively demonstrated that 
the quadrupedal gaits of Pygathrix do indeed vary significantly from those of Trachypithecus. These 
differences arise from variation in stride duration, elbow and knee flexion at touchdown and mid-
stance, and hindlimb swing phase.The quadrupedal gaits of Pygathrix are characterized by some 
traits that increase security but are also accompanied by relatively more extended elbow and knee 
positions that act to increase the tendency for the animal to lose balance. Quadrupedal gaits of 
Trachypithecusare all similar to each other, and low intrageneric variation. 
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