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Movement ecology of arboreal monkeys in Central America involves the action of diverse
body postures to address challenges in rain forests, where scattered resources and
complex habitat structure demand that a primate frequently employ extreme physical
finesse to survive. What is not clearly understood about this area of study is the
connection between primate body postures as responses to specific types of forest
architecture and how forest structure may influence a monkey’s continued capacity for
wide-ranging mobility over time. We studied tree canopy structure and branch connectivity
associated with the movement ecology of black-handed spider monkeys (Ateles geoffroyi),
mantled howling monkeys (Alouatta palliata), Geoffroy’s tamarins (Saguinus geoffroyi),
and white-faced capuchins (Cebus capucinus) in Panama and Costa Rica. Laboratory study
of primate cadaver pelvises was done at UC Davis, Oregon Osteology Lab, and the Denver
Museum. Rain forests appear to induce wide-ranging leg movements in wild neotropical
monkeys that were not observed in the same species of monkeys inhabiting artificial
environments. We also found that a wild primate employs frequent wide-ranging leg
movement that result in widely dispersed contacts between the articulating surfaces
within the hip, potentially maintaining cartilage and contributing to the longevity of that
joint. Thus, a connection may exist between rain forests, the leg action of wild monkeys,
and the continued capacity to move over time in this group of long-lived animals.
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Abstract

Movement ecology of arboreal monkeys in Central America involves the action of diverse body
postures to address challenges in rainforests, where scattered resources and complex habitat
structure demand that a primate frequently employ extreme physical finesse to survive. What
is not clearly understood about this area of study is the connection between primate body
postures as responses to specific types of forest architecture and how forest structure may
influence a monkey’s continued capacity for wide-ranging mobility over time. We studied tree
canopy structure and branch connectivity associated with the movement ecology of black-
handed spider monkeys (Ateles geoffroyi), mantled howling monkeys (Alouatta palliata),
Geoffroy’s tamarins (Saguinus geoffroyi), and white-faced capuchins (Cebus capucinus) in
Panama and Costa Rica. Laboratory study of primate cadaver pelvises was done at UC Davis,
Oregon Osteology Lab, and the Denver Museum. Rain forests appear to induce wide-ranging
leg movements in wild neotropical monkeys that were not observed in the same species of
monkeys inhabiting artificial environments. We also found that a wild primate employs frequent
wide-ranging leg movement that result in widely dispersed contacts between the articulating
surfaces within the hip, potentially maintaining cartilage and contributing to the longevity of that
joint. Thus, a connection may exist between rain forests, the leg action of wild monkeys, and

the continued capacity to move over time in this group of long-lived animals.
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Introduction

Describing the movement ecology of an animal often involves appropriate assessment of the
habitat, a study of the organism’s context within its living space, and an attempt to understand
ecological and evolutionary consequences of that organism’s movements throughout its lifetime.
Movement is a basic trait of nearly all animals, and may range from large-scale migration and
widely dispersed foraging to limited activities such as postural adjustments, temporal excursions
and station-keeping actions (Bell 1991, de Knegta 2007, Turchin 1991). Animal movements can
have far-reaching effects beyond the transient interactions between an organism and its
immediate environment, with animal movements influencing other populations and entire
ecosystems (Dingle 1996, Madden et al. 2008, Nathan et al. 2008). For example, monkeys
comprise a small fraction of the species and biomass in neotropical forests; however, their
dispersed defecation of seeds supports diverse populations of animals, and is associated with
rain forest regeneration (Andresen 2002, Estrada & Coates-Estrada 1991). Monkeys frequently
move in response to local differences in the abundance of resources and the structural aspects
of the environment, with disparities in these qualities resulting in variation in the speed, route of
travel, and rapid decision-making (Beisner & Isbell 2009, Garber 2000, Hunt et al. 1996).
Primate movement often addresses the need to acquire resources, optimize routes of travel,
exploit patches of safety, and expand territory, while simultaneously minimizing risk of mortality
(Barton 2012, Delgado 2011). With movement being central to a monkey’s survival in the wild,
the continued capacity to move is a key aspect of an organism’s movement ecology, especially
for animals such as primates that maintain a high degree of mobility throughout their potentially

long life.

Many of the common species of monkeys in Central American rain forests typically travel

through structurally complex canopy runways, which present frequent obstacles, requiring
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extreme body actions, and subtle postural adjustments such as when repositioning a foot to
avoid a spiny branch (Cant 1986, Garber 2000, Gebo 1992). An arboreal primate’s canopy
runway often passes through and across tangled branches tilted at all angles, twisting lianas,
abrupt gaps, rotten cavities, prickly stems, and other potential obstacles to locomotion. Canopy
structural complexity provides connections between neighboring vegetation that constitute
locomotion corridors for primates; however, this connectivity is highly discontinuous due to tree
fall gaps, topography, and human activities (Peres 1993, Sandford, Braker, Hartshorn 1986,
Schnitzer & Carson 1991). While such breaks in forest canopies disrupt navigation through
arboreal habitats, foraging for food is often optimal in fragmented patches of rainforest where
ecological edge habitats typically foster patchy, high concentrations of food for primates
(Arroyo-Rodriguez 2007, Emmons & Gentry 1983, Worman & Chapman 2006). Canopy
complexity and the scattered resources typical of a neotropical primate’s niche favors
individuals that employ extreme finesse and wide-ranging appendicular mobility as they forage
for food, maintain contact with their social troop, and escape from arboreal and aerial predators

(Bezanson 2009, Garber 1992, Madden et al. 2010, Smith 2000).

Movement ecology in a traditional sense tends to focus on maijor drivers for movement, such as
the external motivators (e.g. hunger, safety, reproduction, sociability) that influence population
movements over space and time (Bell 1991, Nathan et al. 2008). Also important in this area of
study is an understanding of the internal mechanisms that make an organism’s movement
possible over time or distance (Barton 2012, Dingle 1996). For example, leg movements may
sustain joints in ways that make similar body action possible over time (De Rousseau 1985,
Lapvetelainen et al. 2001, Roos & Dahlberg 2005, Salter et al. 1980). As a primate maneuvers
its body to address immediate challenges in the wild, stimulation of joint cartilage occurs in

these tissues that adapt to tremendous loads without being damaged (Jurmain 2000,
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Macirowski et al. 1994, MaclLatchy 1996). Thus, a primate may leap, sprint, tumble, and
occasionally fall from heights without injury to joints where much of the compressional and
tensional forces are focused. Primates have wide-ranging mobility capabilities that help
contribute to a highly active lifestyle and an exceptionally long potential life span (Okada 1996,
Larson et al. 2001). Extreme physical mobility may contribute to primate longevity in the wild by

increasing the possibility of continued wide-ranging movement and territorial expansion.

A primate’s movement ecology includes numerous factors inherent in the niche of a species,
and may also encompass internal processes that foster long-term mobility. With movement
being central to the immediate survival of a neotropical primate, it follows that continued
capacity for movement is also central for these animals with potentially long life-spans. Wide-
ranging body postures are typical of primate mobility in the wild, and probably resulted from
environmental situations that select for highly mobile and agile individuals (Garber 2000, Larson
et al. 2001, Jurmain 2000). A large body of literature describes physical aspects of primate body
movement in the wild (e.g. Demes, Fleagle ,Jungers 1999, Dunbar et al. 2004, Jurmain 2000,
Larson et al. 2001, Malina & Little 2008, Maclatchy 1996), and decades of study have explored
links between forest resources and the movements of common primates in Central American
rain forests (e.g. Bezanson 2009, Estrada & Coates-Estrada, 1991, Garber 2000, Gebo 1992,
Hunt et al. 1996). Beyond addressing many of the immediate aspects of a primate’s dietary,
social, and safety requirements, it is possible that wide-ranging physical movement through the
structural matrix of tropical canopies is associated with long-term survival of arboreal primates,
through a continuance of the capacity to move. In this context, our study has three aims: 1)
record basic leg postures of primates traveling through different types of rain forest canopies, 2)
transfer this information in a laboratory study of articulated hip joints of the species being
studied in the field, and 3) compare these data with control groups of captive monkeys. From

these data, we may test the hypotheses that 1) rain forests are setting that induce wide-ranging
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postures in arboreal monkey populations, 2) that these habitats influence the internal
environment of the primate hip, and that 3) the extent of this physical mobility does not occur in
controlled environments. It is possible that rain forests provide a specific necessary aspect of a
primate’s movement ecology that deals with the capacity for wide-ranging movements over
time. Alternatively, movements made by wild and captive primates may have similar potential to
foster continued physical mobility, and rain forests may not be an important selective force in

the movement ecology of wild arboreal primates.

Methods

Field study

We studied wild populations of black-handed spider monkey (Ateles geoffroyi), mantled howling
monkey (Alouatta palliata), Panamanian population of Geoffroy’s tamarin (Saguinus geoffroyi),
and white-faced capuchin (Cebus capucinus) at Isla Barro Colorado (spring 2010), and Estacion
Biologica La Suerte (summer, 2013). La Suerte is a lowland tropical forest preserve in Costa
Rica, at 10 °N, 83°W, acquired in 1987 by the Molina family. Isla Barro Colorado (BCI), at 9°N,
79°W in Panama, is a tropical rainforest preserve that has existed in a protected state since
1923. Adult primate lifespans at both sites are long, with many of the howling monkeys on BCI

surviving for over 20 years (Milton & Hopkins 2006).

We followed Animal Care and Use in Research and Education protocols (IACUC # 2957815),
and the research protocols that we submitted to the Smithsonian Tropical Research Institute,
Ancon, Panama. Field research began 1 hour before sunrise along forest trails where we
listened for calls and movements of primates. We quietly followed a primate troop for an hour,
allowing them to habituate to our presence, at which time we employed observational

instantaneous sampling of 30 second intervals (Madden et al. 2010, Suen & Ary 1984). Based
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on visible anatomy and behavior, individual monkeys were identified as being either juvenile or
adult. Age class was determined by coat condition, dentition, feeding habits, anatomical

differences between sexes, and other features (Milton & Hopkins 2006, Peres 1993).

Each sample session progressed as follows: 1) primate observed, and researchers agree to
commence (this decision was based on visibility, light levels and other factors that might distort
data sampling), 2) scribe initiates stopwatch and enters grid location, time, species, and
activity, 3) five photographs are taken at the end of the 30-s interval when the scribe whispers
‘now,’ 4) notes, sketches, and camera frame number were written on a clipboard. We
experimented with video recordings, and reverted to a Nikon D5200 and 205 lenses;

generating a sequence of snapshots, much like a CT scan is a series of X-ray images.

Video vs. snap-shot capture is debated among scientist, and many favor video (e.g. Larson et
al. 2001). However, we found that snap-shot photography reduced the time and potential bias
involved with making decisions about which frame in a video recording to use for a data
sample. Also, we preferred the high resolution shots that resulted from individual photographs
when compared to video recordings. In addition, snap-shot battery life reduced the need to
change batteries in what were often misty-wet conditions during long days in the field. Low
light levels in the forest were managed with an infrared flash, producing monochrome infrared

images, as per Huang et al (2014).

Photographs were converted into quantitative data by uploading images into Photoshop, and
using the software protractor tool to measure leg angles. Consistency and repeatability of leg
angle assessment was achieved by aligning all measurements from a baseline, which was the
sagittal aspect of the primate’s torso, regardless of its pitch and yaw planes (as per Dunbar et

al. 2004). Photo shots of legs that could not be accurately assessed were omitted. Protocols to
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address potential extraneous errors included: 1) pilot studies at study sites in Costa Rica and
Panama that established inter-rater reliability > 92%) photographer and scribe duty rotation, 3)
use of clinometers (rather than visual estimates), 4) three-way redundant data acquisition,
involving data score entries, photographs, and quick field sketches, and 5) photography and
data acquisition in elevated position whenever possible (as per methods described by

Bezanson et al. 2012).

Each location was noted on the data sheet, marked in the field with colored tape, and sampled
later in the day. We laid out a tape measure 5 m from the base of each flagged tree to
establish four corners of a 100-m? quadrat, with a focal landmark situated at the center of each
plot (Madden et al. 2008). For each flagged plant, the following data were recorded: trunk
diameter at breast height (dbh), lowest inter-canopy contact (distance from ground surface to
where adjacent tree canopies first made contact), nearest adjacent canopy (shortest distance
to branch tips of the nearest adjacent tree), growth form of nearest woody vegetation (liana,
palm, woody dicot, other) and light penetration through the overhead canopy, converted to per
cent from a hand-held densiometer. For mid to high level canopy assessment, we used the
following equipment to work above ground surfaces: 10.5mm climbing ropes, Petzl ascenders,
climbing harness, locking carabiners, and webbing slings. With a sling shot, we projected a
thin lead-line across a major lower branch, tied our 10.5 mm main-line to the lead-line, and
pulled the main-line over the major branch. A secondary line provided redundant safety, with
rope feed to the climber being controlled at the base of the tree via a figure-8 belay plate

attached to the harness of another researcher (Laman 1995).

At each 100-m? plot, a SLR camera braced and leveled on a tripod was used to photograph
the area around each flagged tree. White sheets of 1.5 x 3 m were draped vertically like a wall

on one side of each plot, about 5 m from the base of each flagged tree. In this manner, the
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flagged tree and nearest adjacent tree canopy was photographed and illustrated. This drape
made it possible to illustrate cross-sections of the forest to characterize habitats (Fig. 1).
Flagged vegetation was identified to species according to Croat (1978), and confirmed later
with herbarium samples on BCI. Tape measures were used to determine mean distance to
nearest forest clearing (= 75% light penetration determined by densiometer), which were
typically gaps in the overhead canopy caused by treefalls, physical processes such as stream
action or human activity (Madden et al. 2010; Sanford et al. 1986, Schnitzer & Carson 1991).
These assessments measured habitat complexity that might influence a primate’s leg
movement as it travels. For a control group, we repeated field methods to the best of our
ability in California primate facilities (San Francisco Zoo, Mickie Grove Zoo near Stockton, and
San Diego Zoo). Advanced permits were approved at these facilities that extended our study
sessions; however, full replication of the Panama and Costa Rica field study was not possible

in zoos due to restricted hours of operations and access.

Laboratory study

A laboratory phase of study was used in conjunction of the field study to estimate how actions
in different habitats, and as done by juveniles and adults, might be translated within a
monkey’s hip (Figs. 1A, B). We contacted managers of facilities with cadaver bone collections
of the primate species we studied in the field. After receiving advanced clearance for our visit,
we used surgical gloves, calipers, plasticine modeling clay that does not leave pieces of clay
on bone specimens, artists’ triangles, protractors, a camera and tripod to carefully examine
pelvic bones and femurs of deceased primates. We conducted this work on howler, capuchin,
and spider monkey skeletons at the University of California, Davis Anthropology department
(n=20), University of Oregon Osteology Laboratory (n=12), and the Denver Museum of
Science (n=7). Age class of monkey cadaver material was determined by collection tags that

accompanied each specimen, and was confirmed with an examination of tooth wear, as per
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Dennis et al. (2004). Consistent placement of disarticulated monkey pelvic bones in a manner
that inferred gross anatomical movement was achieved with a 3-dimensional system of
homologous landmarks, modified from the work of Bonneau et al. (2014). We placed a 1 mm
layer of clay within the hip socket, to simulate cartilage mass and to help to hold the femoral
head in place. Positioning the femur so that lateral and medial angles were consistent among
the samples was achieved by placing the head into the socket, making firm contact with the
clay, and then setting the pelvis and femur into a large block of clay so that the joint was
immobile. Once firmly in place, the distance from the lesser trochanter to the closest point on
the rim of the socket was determined by the formula:

Sum of distance (mm) greater & lesser trochanter to nearest point of socket rim/2 ¢0.85

Extension: A. B.

femur along

saggital plane “

Z Medial:
femur Extension:
toward Ambulatory: femur
mid-line femurin towards
- neutral ™ / %2 \Uschium
position L

Lateral:
femur away
from mid-line

Flexion:

femur .

towards Flexion: -4——vm

chest femur toward pubis
Figure 1.

Leg positions acquired by digital photography and analyzed with computer software were used
for positioning the pelvis and femur of primate cadavers. Shown here is A. basic appendage
movements illustrated at La Suerte, Costa Rica, and B. Basic leg positions radiating out from a

primate pelvis.
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Once the pelvis was adjusted for the lesser trochanter to socket rim distance, we used calipers
to measure the distance (mm) perpendicular from the hip socket rim to the edge of the
articular surface of the femoral head (Fig. 2A). In an effort to reduce time-consuming, trial-and-
error when we visited primate collections to acquire data, we first conducted a series of pilot
studies on small human skeletons in Modesto JC’s collection. We recorded these
measurements by starting at the top of head of femur, and taking sequential measurements
around the femoral head (Fig. 2B). We repeated these procedures when the femur was moved
into another position along a sagittal plane to simulate what happens within the hip joint when
the leg is moved into different positions by a live monkey. We frequently referred to our field
photographs and sketches when positioning the pelvis for measurement, and omitted data that
was based on suspect images. We obtained bone textures and configurations with
photographs and Autodesk 123 Catch software, and with dental impression clay that was
examined for irregularities, bony spurs and other features of the socket and femoral head.

B.

Femoral head
placed into
hip socket

Rim of
hip socket

Greater

trochanter . Articular border

of femoral head

Contact
with rim of
hip socket —

Figure 2.

A. Location of the greater and lesser trochanter, relative to the nearest point on the rim of the
hip socket, and B. amount of exposed articular surface of the head of the femur, measured from

the junction of the femoral head with the hip socket to the rim of the femoral head.
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At the conclusion of 4 months of field study in wet and dry seasons of Panama and Costa
Rica, and 2 months of weekly visits to zoological parks of California, we had acquired
observational data on 47 wild primates (1879 focal events) and 24 captive primates (959 focal
events) in the years between 2010 and 2014. For statistical analyses, we used one-way
ANOVA, with alpha threshold (a) at 0.01 to reduce type Il statistical errors. We applied Bayes’
theorem of conditional probability for estimating the likelihood of an event, given a set of data.
Bayes’ was used in a specific case to determine the likelihood that is a monkey is an adult or
juvenile, based on its leg flexion or extension when in a specific patch of habitat. Pearson’s
correlation was conducted on the cadaver pelvis measurements. We pooled the La Suerte and
BCl field data after finding a lack of significant difference in postural data between these sites.

Similar compilation was done with primate data from zoos.

Results

Femoral flexion and extension observed while monkeys were traveling was not significantly
different between open and closed tree canopy habitat categories in rain forests of La Suerte
and BCI (P = 0.083). Similar lack of significant difference (P > 0.14) was observed in the
comparison of monkey movement in the different types of artificial environments assessed in
this study (Row 1 vs. 2 in Table 1). Remarkable differences were observed when comparing
femoral action of monkeys in artificial habitats with the movements of monkeys in their native
rainforest canopies. These data represent frequency of the angle of the leg, relative to the
sagittal plane of the torso (Fig. 3), and are separated into the following categories describing
leg position: Full leg flexion (<30°) P = 0.0012; Flexion (30°to 45°) P = 0.023; Ambulatory as in
walking (45-110°) P = 0.075; Extension (110 to145°) P = 0.002; and Full extension with leg in
line with body (145 to 180°) P = 0.0001. Individual tufted capuchins at San Diego Zoo

displayed sporadic episodes of frequent wide ranging leg movements that resembled data
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from wild capuchins; however, these data were offset by long periods of leg flexion while
resting, and frequent short-step ambulatory movements. Bayesian conditional probability
indicated that femoral excursion was similar among wild adults and juveniles (Last row in

Table 1).

Table 1.

Frequency of flexion, extension and neutral femur positions during 1 second random focal

observations in different canopy habitats (open = no inter-canopy branch connections; closed =

multiple overlapping canopy branches). Observations were of black-handed spider monkey

(Ateles geoffroyi), mantled howling monkey (Alouatta palliata), and white-faced capuchin

(Cebus capucinus) at La Suerte, Costa Rica and BCI, Panama (wild n= 47 different individuals,

1879 focal sessions), and zoological parks in California (captive n= 24 individuals, 959 focal

sessions).
Open canopy Semi-open canopy Closed canopy Total

flexion® extend” neutral® flexion extend neutral flexion extend neutral
g"r?rﬁgt‘é‘"mp 019 0053 027 010 0013 016 0105 0004 0124 .
position (N): (357) (99) (432) (188) (24) (300) (160) (8) (245)
Mean
captive 0.30 0.018 0.22 0.27 0.002 0.20
orimate hip  (285)  (17)  (209)  (256) (2)  (190) A NA- N/A 959
position (N):
Probable
position if 46.2 52.7 58.5 447 51.3 62.11 43 59.4 57.5 1879
juvenile’

a Thigh of leg at < 30° angle from torso, with knee towards chest.

b Thigh at 110 to145° from torso, with knee mostly aligned with sagittal plain of torso.

¢ Thigh at 45-110° angle from torso, as in normal walking and climbing postures.

d Bayes theorem: Given an observed posture, what is the likelihood that it is a juvenile?
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1. Full extension
Wild: 0.003 (SD=0.002)
Captive: 0.001 (SD=0.001)

2. Extension
Wild: 0.08 (sD=0.05)
Captive: 0.001 (SD=0.002)

3. Ambulatory
Wild: 0.59 (SD=0.17)
Captive: 0.43 (5D=0.24)

4. Flexion

Wild: 0.27 (SD=0.15)

Captive: 0.44 (SD=0.10)
5. Full flexion
Wild: 0.06 (SD=0.031) /
Captive: 0.13 (8D=0.08)

Figure 3.

A. Femoral categories, measured with digital photography and geometric angle software, were
1. full flexion (knee near chest), 2. flexion, 3. ambulatory as in moderate walking and climbing,
4. extension, and 5. full extension with femur nearly in line with spine. B. Comparison of femur
position frequencies during wakeful daytime activities for captive (N = 959) and wild black-
handed spider monkey (Ateles geoffroyi), mantled howling monkey (Alouatta palliata), white-

faced capuchin (Cebus capucinus) and Tufted capuchin (Cebus apella) (N = 1879).

Laboratory study of cadaver material revealed placement of the femur in flexion, extension,
and neutral positions to result in different parts of the the head of the femur being exposed
outside of the hip socket, while other articular surfaces of the head were in contact with
surfaces within the hip. When primate hip posture data from wild and artificial habitats were
pooled, making this set of data independent of habitat structure, revealed was a positive
correlation (r? = 0.79) in the comparison of exposed femoral articular surface of small and mid-

sized primate species (Fig. 4).
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3.5 - = = Flexion
Small monkeys Extension
3 == Neutral

4 ] -
35 - Flexmn.
3 | Extension
=== Neutral

Exposed femoral head (mm)
N
w

15 -
1 ,
05 -
0 / . ‘
0 5 10 15 20 25
Site on rim of articular head of femur
Figure 4.

Amount of exposed femoral articular surface measured outside of the hip socket, as a result of
femur extension (knee in line with body), flexion (knee toward chest), and neutral as in walking
without extreme excursion, in primate pelvises that were a) Small: Seguinus geoffroyi, and b)
Mid-sized: 12 Cebus capucinus, 5 Ateles geoffroyi, and 4 Alouatta palliata, Numerical values at

0.0 indicate sites on the head of the femur that were in complete contact with the hip socket.

Dental impression clay and Autodesk computer images indicated 23.2% greater incident of
captive monkey material with bony spurs (osteophytes), deformity of the neck and femoral
head, and femoral head erosion were all indicative of advanced osteoarthritis. However, the
small sample size and condition of some bones limited confidence (e.g. one arthritic specimen

could drastically skew data). Serial photography and conversion through Autodesk software
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indicated significant increase (P < 0.001) of erosion at tagged sites of captive monkeys when

compared to wild sources of primate cadaver bones.

Discussion

Use of climbing gear enabled us to acquire data on primates and their habitats in ways that
few studies on movement ecology have achieved; however, our rigorous approaches may not
fully describe events from an arboreal primate’s perspective. This is a difficult quality of the
forest to accurately assess, according to Bezanson et al. (2012). We are not arboreal
primates, thus parameters such as inter-branch space, thorn abundance, stem size, stem
angle, and so forth may have little impact on the movements of highly agile and skilled
primates. Furthermore, we observed frequent obstacles to travel tended to be unpredictable
substrates, in which branches snapped as a monkey was poised to leap, woody walkways
abruptly collapsed and tumbled downward, winds swirled canopies in chaotic manners, and
other unpredictable events that sent primates into abrupt, chaotic postures. We took note of
these actions; however, habitat data that provided the greatest reliability and gave the best
sense of the structural character of the arboreal habitat was canopy connectivity, based on
descriptions by Madden et al. (2010), and Raboy et al. (2004). By climbing into various tiers of
the forest, we found canopy connectivity extending in vertical and horizontal directions, with
each calculated category of connectivity (open, semi-open, closed) speeding or slowing down

our progress accordingly as we moved through canopies (Fig. 5A).

With use of canopy connectivity as a consistent, defining parameter for canopy complexity
regarding primate movement ecology, we assumed that leg postures would vary according to
the degree of connectivity of the rainforest patch being traversed. However, our data did not

support this association. One explanation for this lack of correlation between canopy
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connectivity and leg action may be due to improper assessment of posture, since monkeys
were often in visually disrupted and dappled canopy habitats. As was done in the study of
forest architecture, we strived for accuracy by simplifying data into categories with consistent
inter-rater reliability; in this case it became the five basic types of leg postures displayed in
Figure 3. Based on our assessment of canopy structural complexity and primate leg postures,
it appears likely that the monkeys observed in this study frequently conducted extreme leg
action, regardless of structural complexities in rainforest, as revealed in Table 1. These data
indicate that primates employ physical finesse and extreme postures as they address a wide
range of obstacles in their routes of travel; a concept also supported by the work of many

others (e.g. Beisner & Isbell 2009, Demes et al. 1999, Dunbar et al. 2004).

Canopy architecture and scattered forest resources probably influence the movement ecology
of arboreal monkeys in our study; however, a different situation exists for the same species of
captive monkeys. Unlike their wild counterparts, captive primates spent extensive time in hip
flexion postures, with knee toward chest or in a rotational splay of the legs, as indicated in
Figures 3 & 5B. Hip flexion is common in artificial habitats where primates have little
motivation to forage, to maintain contact with a social troop, or to avoid hazards (Jurmain
2000, Shively 2012, Turnquist 1985, Waitt et al. 2010). Thus, differences in the movement
ecology we observed beetween captive and wild populations make sense when considering
the ecological dissimilarities between wild and artificial habitats. In regards to juvenile and
adult movements in our field study, we wondered whether adults would be selective in their
locomotion strategies, perhaps by opting for alternate routes to avoid risky leaps, awkward
postures, precarious perches, and other cliff-hanging situations that were common among
juveniles. However, this was not the case in our study (Table 1), nor was it observed by
Bezanson (2009), who reported similarities between juvenile and adult primate movements.

These results made sense when considering the energetic constraints of a primate’s niche. In
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addition, similar body movements among different age classes was probably common for early
human social groups, in which much of the daily routine centralized on physical activity and
mobility (Malina & Little 2008). It is likely that a primate’s movement ecology is shaped by
environmental forces, and that there is similar potential for wide ranging mobility and vigorous

physical activity in both adult and juveniles.

Based on results from this study, it appears that wide ranging leg postures are a common
aspect of a neotropical primate’s movement ecology, and it is likely that such movements play
a role in fostering the continued capacity for future mobility. Unlike most other mammals,
primates have wide-ranging appendicular capabilities that contribute to an active lifestyle and
an exceptionally long potential life-span (Larson et al. 2001, Nakai 2003, Okada 1996,
Rothschild & Woods 1992). Even early humans had more extreme walking gaits then their
contemporaries in East Africa (Musiba et al. 1998). Our study assessed diverse contacts
within the hip of monkey cadavers, but we can only speculate about how this influences
movement ecology during a primate’s lifetime, since fluid pressure in living tissues helps to
manage load and pressure distribution, as suggested by Macirowski et al. (1994), and Nagura

et al. (2006).

Conclusion

It is general knowledge that monkeys routinely use diverse body postures to address
immediate challenges in rainforests, where scattered resources and complex habitat structure
demand that a primate frequently employ extreme physical finesse to survive. Wide-ranging
body postures are a core characteristic of a primate’s movement ecology; evidenced by
ecological and anthropological studies on this group. What is not clearly understood is the
connection between body postures as responses to specific types of forest architecture and

how forest structure may influence a monkey’s continued capacity for wide-ranging mobility
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over time. We observed wild monkeys to employ diverse leg postures in a variety of canopy
types, regardless of whether forest architecture was relatively open or contained
interconnected canopies with abundant potential routes of travel. Rain forests appear to
induce wide-ranging leg movements in wild neotropical monkeys; movements which are not
matched by the same species of monkeys inhabiting artificial environments with numerous
structures for recreational movement. Furthermore, as a wild primate employs frequent wide-
ranging leg movement when navigating rain forest canopies, these leg actions result in widely
dispersed contacts between the articulating surfaces within the hip, potentially maintaining
cartilage and contributing to the longevity of that joint. Thus, a connection may exist between
rain forests, the leg action of wild monkeys, and the continued capacity to move over time.
This subtle connection, which centers on rain forest complexity, may ultimately translate as
increased time to expand territories, mate, and to out-compete those individuals that can not

maintain a highly mobile daily regimen in this long-lived group of animals.
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Figure 5.

A. Forest architecture based on measurements of woody growth at ground level, and as
assessed through climbing ascenders at 10 m intervals in rainforests up to 30 m on Isla
Barro Colorado, Panama and La Suerte, Costa Rica. B. Tamarin in hip-flexion. C. Profile
of structural complexity in different patches of rainforest, and in artificial environments
assessed at Mickie Grove, San Francisco, and San Diego Zoo, California (modified from
Madden et al. 2010).

Acknowledgements

We are grateful for assistance from Paul Garber, Michele Bezanson, Elizabeth Mallott, Roland
Kays, Patrick Jansen, Natasha Mazumdar, David Quesada, and Renee Molina of Maderas
Rainforest Conservancy. Primate bone work was made possible through Timothy Weaver and
Teresa Steele of UC Davis Anthropology Department, Andrea Eller at the University of Oregon
Osteology lab, and Jeff Stephenson of the Denver Museum. James Street was our editor.
Grant funding came from Yosemite Community College District and the US Department of
Education, STEM grant # PO31C110107 (B. Sanders & J. Abbot).

20

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015




Madden movement ecology 21

Literature cited

Andresen E. 2002. Primary seed dispersal by Red Howler Monkeys and the effect of

defecation patterns on the fate of dispersed seeds' Biotrop 34: 261-27

Arroyo-Rodriguez, V., S. Mandujano, J. Benitez-Malvido and C. Cuende-Fanton. 2007. The
influence of large tree density on howler monkey (Alouatta palliata mexicana) presence in very

small rain forest fragments. Biotrop 39: 760-766.

Barton K. A., T. Hovestadt , B. L. Phillips , J. M. J. Travis. 2012. Risky movement increases the
rate of range expansion. Proc Royal Soc B: Biol Sci (doi: 10.1098/rspb.2011.1254).

Beisner, B., and L. Isbell. 2009. Movement ecology in a captive environment: the effects of
ground substrate on movement paths of captive rhesus macaques, Macaca mulatta. An Behav.
78:1269-277 (doi: 10.1016/j.anbehav.2009.09.004).

Bell W. J. 1991. The behavioural ecology of finding resources. London: Chapman and Hall.

Bezanson, M. 2009. Life history and locomotion in Cebus capucinus and Allouatta palliata. Am
J. Phys Anthro. 140:508-517. (doi: 10.1002/ajpa.21099).

Bezanson, M., S. Watts, and M. Jobin. 2012. Technical note: tree truthing: how accurate are
substrate estimates in primate field studies Am J. Phys Anthro. 147:671-77 (doi:
10.1002/ajpa.22037).

Bonneau, N, M. Baylac, O. Gagey, and C. Tardieu. 2014. Functional integrative analysis of the
human hip joint: the three-dimensional orientation of the acetabulum and its relation with the

orientation of the femoral neck. J. Human Evol. 69:55-69 (doi: 10.1016/j.jhevol.2013.12.013).

Cant, J. G. 1986. Locomotion and feeding postures of spider and howling monkeys: field study

and evolutionary interpretation. Folia Primatol. 46:1-14.

Chapman, C. A. Primate seed dispersal: the fate of dispersed seeds. Biotrop 21:48-54.

21

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015




Madden movement ecology 22

Croat, T. B. 1978. Flora of Barro Colorado. Stanford University Press, Stanford.

de Knegta H. J., G. M. Hengevelda, F. van Langeveldea, W. F. de Boera, and K. Pl Kirkmanb.
2007. Patch density determines movement patterns and foraging efficiency of large herbivores
de Knegta. Behav. Ecol. 18:1065-172.

Delgado M, I. Ratikainen I., H. Kokko. 2011 Inertia: the discrepancy between individual and
common good in dispersal and prospecting behaviour. Biol. Rev. 86,717-732
(doi:10.1111/j.1469-185X.2010.00167.x)

Demes B, J. Fleagle , and W. Jungers. 1999. Takeoff and landing forces of leaping strepsirhine
primates. J. Human Evol. 37:279-292.

Dennis, J., P. Ungar, M. Teaford, and K. Glander. 2004. Dental topography and molar wear
in Alouatta palliata from Costa Rica. Am J. Phys Anthro. 67:177-184.

De Rousseau, C. 1985. Aging in the musculoskeletal system of rhesus monkeys: Il

degenerative joint disease. Am J. Phys Anthro. 67:177-184.

Dingle H. Migration: The Biology of Life on the Move. Oxford: Oxford Univ Press; 1996.

Dunbar D, G. Badam, B. Hallgrimsson, and S. Vieilledent. 2004. Stabilization and mobility of
the head and trunk in wild monkeys during terrestrial and flat-surface walks and gallops. J.
Exper Biol. 207:1027-1042 (doi: 10.1242/jeb.00863).

Emmons L., and A. Gentry. 1983. Tropical forest structure and the distribution of gliding and
prehensile-tailed vertebrates. Am Nat. 121:513— 524.

Garber, P. A. 1992. Vertical clinging, small body size, and the evolution of feeding adaptations
in the Callitrichinae. Am. J. Phys Anthro. 88:469-482.

Estrada A., and R. Coates-Estrada. 1991. Howler monkeys (Alluatta palliata), dung beetles
(Scarabaeidae), and seed dispersal: ecological interactions in the rain forests of Los Tuxtlas,
Mexico. J. Trop. Ecol. 7:459-474.

22

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015



http://dx.doi.org/10.1111/j.1469-185X.2010.00167.x

Madden movement ecology 23

Garber, P. A. 1993. Feeding, ecology, and behaviour of the genus Saguinus. In A.B. Ryland
(Ed). Marmosets and tamarins: systematics, behavior, and ecology, pp. 273-295. Oxford

University Press, Oxford.

Garber, P. A. 2000. The ecology of group movement: evidence for the use of spatial, temporal,
and social information in some primate foragers. In S. Boinski and P.A. Garber (Eds). On the
move: how and why animals travel in groups, pp. 261-298. University of Chicago Press,

Chicago.

Gebo, D. L. 1992. Locomotor and postural behavior in Alouatta palliata and Cebus capucinus.
Amer. J. Primatol. 26:277-290.

Huang, Z.P., P.A. Garber, T Jin, ST Guo, S Li, B.G. Li. 2014. The use of camera traps to identify
the set of scavengers preying on the carcass of a golden snub-nosed monkey (Rhinopithecus
roxellana). PloS one. doi: 10.1271/journal.pone.0087318.

Hunt K, J. Cant, D. Gebo, M. Rose, S. Walker, and D. Youlatos. 1996. Standardized

descriptions of primate locomotor and postural modes. Primates 37: 363-387.

Jones G, K. Bennell, and F. Cucuttini. 2003. Effect of physical activity on cartilage development
in healthy kids. Brit. J. Sports Med. 37:382-383 (doi:10.1136/bjsm.37.5.382).

Jurmain R. 2000. Degenerative joint disease in African great apes: an evolutionary perspective.
J. Human Evol. 39:185-203.

Laman T. G. 1995. Safety Recommendations for Climbing Rain Forest Trees with Single Rope
Technique. Biotropica 27:406-409.

Lapvetelainen, T., M. Hyttinen, J. Lindblom, T. Langsjo, R. Sironen, S. Li, M. Arita, D. Prockop,
H. Helminen. 2001. More knee joint osteoarthritis (OA) in mice after inactivation of one allele of
type Il procollagen gene but less OA after lifelong voluntary wheel running exercise. Osteo. and
Cart. J. 9:152-160.

23

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015



http://dx.plos.org/10.1371/journal.pone.0087318.g002
http://dx.plos.org/10.1371/journal.pone.0087318.g002
http://dx.plos.org/10.1371/journal.pone.0087318.g002

Madden movement ecology 24

Larson S, D. Schmitt, P. Lemelin, M. Hamrick. 2001. Limb excursion during quadrupedal
walking: how do primates compare to other mammals? J. Zool. 255:353-365.

MacLatchy L. 1996. An analysis of the articular surface distribution of the femoral head and
acetabulum in anthropoids, with implications for hip function in Miocene hominoids. J. Human
Evol. 31:425-453 (doi: 10.1006/jhev.1996.0070).

Malina R., and B. Little. 2008. Physical activity: the present in the context of the past. J. Human
Biol. 20:373-391.

Madden D, J. Ballestero, C. Calvo, R. Carlson, E. Christians, and E. Madden. 2008. Sea turtle
nesting as a process influencing a sandy beach ecosystem. Biotropica 40:758-765
(doi: 10.1111/j.1744-7429.2008.00435.x).

Madden D, P. Garber, S. Madden, C. Snyder. 2010. Rain-forest canopy-connectivity and habitat
selection by a small neotropical primate, Geoffroy's tamarin (Saguinus geoffroyi). J. Trop. Ecol.
26:637-644 (doi: DOI http://dx.doi.org/10.1017/S026646741000044 ).

Macirowski T, S. Tepic, R. Mann. 1994. Cartilage stresses in the human hip joint. J Biomech.
Engr. 116:10-18.

Milton, K, and M. E. Hopkins. 2006. Growth of a reintroduced spider monkey (Ateles geoffroyi)
population on Barro Colorado Island, Panama. In E. Estrada, P. A. Garber, M. S. Pavelka, and
L. Luecke. (Eds.). New perspectives in the study of Mesoamerican primates, pp. 417-435.

Springer, New York.

Nagura T, H. Matsumoto, Y. Kiriyama, A. Chaudhari, and T. Andriacchi . 2006. Original
research: tibiofemoral joint contact force in deep knee flexion and its consideration in knee

osteoarthritis and joint replacement. J. App. Biomech 22:305-313.

Nathan R., Revilla E., Holyoak M., Kadmon R., Saltz D., and Smouse P. E. 2008. Movement
ecology paradigm for unifying organismal movement research. Proc Natl Acad Sci 105: 19052—
19059 (doi: 10.1073/pnas.0800375105).

24

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015



http://dx.doi.org/10.1017/S0266467410000441
http://dx.doi.org/10.1073%2Fpnas.0800375105

Madden movement ecology 25

Peres, C. A. 1993. Structure and spatial organization of an Amazonian terra firme forest

primate community. Journal of Tropical Ecology 9:259-276.

Raboy, B. E., M. C. Christman, and J. M. Dietz. 2004. The use of degraded and shade cocoa
forests by Endangered golden-headed lion tamarins Leontopithecus chrysomelas. Oryx 38:75-
83. (doi.org/10.1017/S0030605304000122).

Roos E and L. Dahlberg. 2005. Positive effects of moderate exercise on glycosaminoglycan
content in knee cartilage: a four-month, randomized, controlled trial in patients at risk of
osteoarthritis. Arth and Rheum J. 52:3507-3514 (doi:10.1002/art.21415).

Salter R, F. Simmonds, B. Malcom, E. Rumble, D. Macmichael, and N. Clements. 1980. The
biological effect of continuous passive motion on the healing of full thickness defects in articular

cartilage: an experimental investigation in the rabbit. J. Bone Joint Surgery 62:1232-51.

Sanford R. L., H. E. Braker, and G. S. Hartshorn. 1986. Canopy openings in a neotropical
lowland forest. J. Trop. Ecol. 2:277-282.

Schnitzer, S. A. and W. P. Carson. 1991. Treefall gaps and the maintenance of species

diversity in a tropical forest. Ecol. 82:913-919.

Shively, C., S. Willard, T. Register, A. Bennett, P. Pierre, M. Laudenslager, D. Kitzman, M.
Childers, R. Grange, and S. Kritchevsky. 2012. Aging and physical mobility in group-housed Old
World monkeys. Age 34:1123-31 (doi: PMC3448999).

Smith, A. C. 2000. Interspecific differences in prey captured by associating saddleback

(Saguinus fuscicollis) and moustached (Saguinus mystax) tamarins. J. Zool 251:315-324.

Suen, H. K., and D. Ary. 1984. Variables influencing one-zero and instantaneous time

sampling outcomes. Primates 25:89-94.

Turchin P. 1991. Translating foraging movements in heterogeneous environments into the
spatial distribution of foragers. Ecol. 72:1253-1266.

25

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015



http://dx.doi.org/10.1017/S0030605304000122
http://www.ncbi.nlm.nih.gov/pubmed/22203457
http://www.ncbi.nlm.nih.gov/pubmed/22203457

Madden movement ecology 26

Turnquist J. 1985. Passive joint mobility in patas monkeys (Erythrocebus patas): rehabilitation of

caged animals after release into a free-ranging environment. Am. J. Phys Anthro. 67:1-5.

Waitt C, M. Bushnitz, P. Honess. 2010. Designing environments for aged primates. Lab Primate
99:5-8.

Worman, C.0.D. and C. A. Chapman. 2006. Densities of two frugivorous primates with respect
to forest and fragment tree species composition and fruit availability. Int. J. Primatol. 27: 203—
225.

26

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1002v1 | CC-BY 4.0 Open Access | rec: 23 Apr 2015, publ: 23 Apr 2015




