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INTRODUCTION

OQur study of the locomotor behavior of golden lion tamarins (Leoniopithecus
rosalia} was initiated because these unique, highly endangered primates. were perceived
to possess locomotor deficiencies upon reintroduction to the wild. The critical status of the
wild population (Coimbra-Filho and Mittermeier, 1978, Kleiman er af., 1986} led to the
establishment of the Pogo das Antas Biological Reserve 70 km outside of Rio de Janiero
in 1974, The reserve consists of approximately 5000 ha of disturbed lowland rainforest
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{(Kleiman er af 1986, 1991; and Rylands, 1993 for details on reserve condition and envi-
ronment). A program of reintroductions designed to resupply the declining wild popula-
tion (Beck et al., 1991; Kleimar, 1989; Kleiman et 4/, 1986, 1991) by culling social
groups from the world’s captive stock was initiated in 1984, The first reintroductions, ai-
though successful, raised concerns that captive animals released into the forest may ex-
hibit locomotor, and other behavioral deficiencies resulting from their lack of experience
in such a complex environment {Kleiman et al., 1986). Thus, a program of prerelease and
postrelease training was designed to aid in the transition of captive-born animals into the
wild. The research program reported in this paper was conceived to describe and quantify
locomotion in L. resalia with these issues in mind.

This report summarizes the first phase of this project, consisting of three separate
but interrelated studies. First, a description and quantification of the locomotor behavior
of captive animals housed In conventional enclasures; second, a companion study of cap-
tive animals newly released ino a free-ranging setting at the National Zoological Park;
and third, an initial field study of locomotion in wild L. rosafia. These studies were de-
signed to allow a comparison of locomotion across these groups to determine the degree to
which positional behavior of captive individuals ditfers from that of wild animals. During
the first study (Rosenberger and Stafford, 1994), comparisons were made with captive
Goeldi’s monkeys, Callimico goeldii, housed in the same enclosures with the L. roselia in
order to gain taxonomic perspective on locomotion in callitrichines (sensu Rosenberger,
1979}. Only data on L. rosafic are included here.

One of our main goals has been to separate behaviors related te the adaptations of
the wild population from those resulting from the effects of captivity. Another was to
evaluate the effects of differences in substrate structure on locomotor behavior in order to
determine how these variables affect the locomotor profile. Throughout this study we ¢on-
sider morphology to be constant across our groups of L. rasalia since our investigations
(Staftford and Rosenberger, in prep} do not indicate morphelogical differences hetween
captive and wild animals for the characters considered here.

We were able to identify two factors that affect locomotion in L. rasalia, The first of
these was related to substrate structure. These effects are difficult to evaluate between
wild and captive groups because of the different ontogenetic experiences of captive and
wild animals, as well as the differences in substrate availability between captive and wild
settings. The second set of effects relates to the expression of locomotor patterns which
we hypothesize are circumscribed by morphology, and therefore related to the phyloge-
netic experiences of the species.

METHODOLOGY

We studied four social groups of L. rosalia (Table 1), two captive-born and two
wild-born. Details of group composition, housing and substrate setting for the two captive
groups were discussed in detail elsewhere (Rosenberger and Stafford, 1994; Stafford,
Rosenberger, and Beck 1994} and wilt only be summarized here. The CRC group lived in
conventional cinder block enclosures, in mixed housing with several groups of Callimico,
at the Smithsonian [nstitution’s Conservation and Research Center (CRC) in Front Royal,
Virginia. They cceupied indoor and culdoor cages, furnished by a substrate network of
mostly horizontal branches, roofed and fronied with standard cyclone fencing. Supports
were arranged in a grid panern four feet off the floor with one or two vertical or diagonal
supports providing access to the cage floor, Animals were only observed in the outdoor
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Table 1. Study groups

Number of Adults Number of Bouts

Conservation and Research Center ({CRC)

Leontopithecus rosalia 4 823
Callimico goeldin 14 1197
Beaver Valley, Nationa) Zoological Park (NZP) 5 1338
Pogo das Antas Biological Reserve [PDA) 8 3795

enclosurcs for consistency across study groups. The Beaver Valley group consisted of five
L. rosalia newly released into a forested area in the National Zovological Park (NZP) for
the first fime. This area consists of about 0.2 hectares of mature beech and oak forest
forming a continuous canopy, and an understory below three meters of shrubs and bushes.
A network of hemp ropes was strung up in the subcanopy, connecting the centraliy located
nest box to the perimeter of the site. Wild L. rosalia were studied at the Pogo das Antas
Biological Reserve (PDAY) in Brazil 4nd were observed over |9 days tor a total of 76
hours. This resulted in the collection of 3795 locomotor bouts.

Data were recorded using a modified focal animal sampling method (Altmann,
1974; sce Rosenberger and Stafford, 1994; or Staftord er @l.,1994 tor details of our par-
ticular method) for all groups. Visual observations were supplemented by videviapes re-
corded under the same protocals as visual sampling. Our unit of observation was a
locomator sequence, which we defined as a string of locomoior bouts proceeding without
a postural interruption of more than 3-5 seconds. The locomotor bout, in turn, was defined
by the maintenance of a single locomotor partern across a single class of supports, This
cenvention is required because locomotor behaviors (e.g., walking) may be performed dif-
ferently un supports ot different size or orientation. Locomotor categories were based on
detailed observations of hew the animals moved, and considered within the framework of
discrete behaviors as described by Hildebrand (1967, 1977, 1980). This methodology al-
lowed us to distinguish gait patterns between species, and to discern differences within
gait calegories.

We find this approach most instructive due ro the transient nature of the taxonomy
of primate locomotion (see Prost, 1965; Martin, 1990; Napier and Walker. 1967; Rose,
1973; Fleagle, 1988 for examples of how the terminology associated with primate locome-
tor studies has changed over the years). A functional and kinematic approach to defining
locomotor behaviors (as advocated by Prost, 1965; and Hildebrand, 1967) should ensure
relative constancy in the deilineation of discrete behaviors over time. Also, since we are in-
terested in discovering anatomical correlates of logomotion that will be useful in interpret-
ing the fossil recard, we believe that a kirematically based definitional system (as
advocated by Prost, 1965) provides the most powerful methodology for linking behaviar
and morphology.

We have argued (Rosenberger and Stafford, 1994} that some features of the skeleton
in L. rosalia are linked to gross interspecific differences in locomotor behavior while
other characters affect the system more subtly. For this reason it is important to under-
stand the information content of one’s observations and throughout this report we consider
our locomotor variables at two levels. The first level is that of the generalized locomotor
profile in which locomotar behavior is grouped inte larger conceptual categoeries (Table
2). The second is a finer grained analysis, in which the components of the generalized pro-
file are broken down into mere specifically defined subcategories for consideration. A
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Table 2. Locomotor categories and substrate classes

Locomotor Categories
Specific Locomoor Catcpories

Quadrupedal Walking: Pronograde quadrupedal progression using a diagonal sequence g, including
“running”.

Quadrupedal “Transaxial” Bounding: A transverse gallop with extended suspension charactenzed
L. rosafiz by unigue hand and foo1 placements. See Rosenberger and Stafford {1994} for a detailed
discussion of Lhis behavier.

Quadrumanons Climbing: Quadrupedal progression amonyg small terminzl branches where an ammal's
weight is spread across more than one support.

Saltatory Leaping: Saltation from a stationary posture.

Bounding-leap: Saltational extensions of quadrupedal walking or bounding, as when crossing between
supports, ot passing bends or obstructions.

Vertical Climbing: Ascent of a steeply nclined (>60™ support.

Suspension: Walking suspended below a support, or hindlimb suspension when it is used to cross between
supports.

Gap Bridging: Crossing between two discontinuous supports by placing some cambination of hmbs in
cantact with the target support before transfering 1he body accross the gap.

General Locomotor Categories
Quadrupedalism-g: Walking + Bounding + Climbing.
Leaping-g: Leaping + Bounding Leaping.
Vertical Climbing-g: Vertical Climbing.
Suspensory-g: Suspension + Gap Bridging,

Substrate Classes

No. 1: Vertical trunks beluw the canopy. too wide for the animals to reach halfway around with their forehimbs
(=30 cm in diameler).

No. 1a; Verucal trunks below the canopy which the ammals can reach halfway around (_12.5 - 30 cm in
diameter).

No. 2: Boughs within Ihe canopy ol any angular arientation {_12.5 - 30 em in diameter).

No. 3: Canopy or subcannpy branches approximately the same diameter as the animals shoulder widih {5 -
_12.5 cm in diameter).

No. 4: Canopy or subcanopy branches that a tamarin can encircle with the hand (_£.5 - 5 em in diameter).

Rope: The 2.5 cm diameter manila rope.

Ne. 5: Canopy or subcanopy supports about which the animals could curl their fingers, generally a terminal
branch (< 1.5 em in diameter).

Terrestrial: Cage or forest floor.

Substrate Ovientation
Horizental: Substrates between 0" and 30" inchnation.
Disgonal; Substrates between 30" and 60 inclination.
Vertical: Substrates between 60" and 90" inchnation.

Forest Levefl
Canopy: Lacomotion above the level at which branches begin to spread from the trunks of 1he jrees forming an
mterlocking layer.
Svheanopy: Locomotion between the canopy and above two meters from the ground.
Below 2 Meters: Locomotion within two meters of the ground,
Terrestrial: Locomotivn on the forest floor, or floor of the cage.

"Greneral locomator categeries are distinguished from specific caregories of the same name hy adding the suffix -g.
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comparison of these two levels of reselution offers valuable insight into the application of
functional analyses based on extant taxa to the fossil record.

Table 2 provides definitions of our locomotor and substrate categories. Some familiar
categories were lumped together here when we could not distinguish between them consis-
tently, or because of their usage in earlier phases of this project. For example, “vertical climb-
ing” as presented here is actually composed of two distinet behaviors, vertical climbing and
vertical bounding. [n vertical climbing the animal is ascending or descending a vertical sup-
porl with diagonal hindiimbs and forelimbs moving in synchrony. In vertical bounding, how-
ever, the forelimbs move in synchrony with each other, as do the hindlimbs. Because these
behaviors were not distinguished during our initial study at CRC due to substrate availability
at this site (1.e., only a few short supports were available for this behavior), we lump them into
one category for comparison. A second instance of combining categories invoives our walk-
ing category, which includes both walking and running. Both of these gaits utilize a diagonal
couplets, diagonal sequence footfall formula. The difference between walking and running re-
lates to the amount of time each limb retains contact with the substrate (see Hildebrand, 1967
for more complete descriptions). Operationally, this translates into how fast the animai is
moving, i.e,, walking is slower than running. Because we could not distinguish the transition
between these two gaits during observations, we classified them together as walking. General
locomotor categeries are composites of more rigidly defined specific locomator categories,
and are identified by the suffix -g.

Substrate diameters were determined in relation to the size of the animal and the
manner in which the animal used the support, especially how the amimal grasped 1 sup-
port. We decided on this approach because of theoretical expectations that an animal
walking on a 10 cm diameter support that cannot be grasped with the hand will move dif-
ferently than 11 would when walking on a 2 cmn diameter support that can be grasped. To
what degree this is true has yet to be determined through kinematic analysis, but analysis
of videotapes indicates that hand and foot placements and general body orientation are dif-
ferent on substrates of different sizes. This method of estimating substrate size also offers
the observer a buill-in scale when collecting data, namely the animal itself. As a result, we
are very confident in our assignment of substrate sizes between sites presenting very dif-
ferent viewing conditions.

Qur forest level categories deserve special mention. We divided the habitats of the
animals into four levels based, in part, on geometry and continuity of supports (see Table
2). The canopy and subcanopy can be distinguished by the presence of interconnected
branches in the canopy. The subcanopy, however, is dominated by the vertical trunks of
the frees and presents a less continuous environment. The terrestrial level is self explana-
tory, and our “helow two meters” category reflects the fact that wild L. rusafia appear to
spend a goed deal of time close to the forest floor, scanaing the leaf litter for invertebrate
prey items. The specific height of two meters was chosen because it could be reliably and
repeatedly identified by observers. In fact, throughout our entire study, L. rosalia were
seldom seen scanning for terrestrial prey trom a height above two meters. Therefore, only
this category and terrestriality legitimately represent the height of the animal. The habitat
structure at the Pogo das Antas reserve is extremely variable, ranging from areas similar in
structure to old growth forest to areas of apen grasslands. As a result, in some parts of the
reserve the structural subcanopy may extend above the height of the canopy found in other
parts of the forest. Tall stands of bamboo are one such example which we would consider
not to have a canopy level. Therefore, our concept of furest level is one of structure, ge-
ometry, and substrate continuity, and has little or nothing te do with how high above the
ground the animals actually were.
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Table 3. Results of analysis of variance

General Locomortor Crtegaries

Quadrupedalism Leaping Verteal Climbing Suspension
CRC vw NZP NS ** * N5
CRC vs PDA *+ NS * A
NZP vs PIYA o kg NS .
Snecfic Locomaror Categories
Bounding  Vertical Gap
Walking Bounding Climbing  eapmg  Leaping Climbing  Suspension  Brdging
CRC vs NZP = +e *e NS o - » NS
(_"RC Vi PDA NS L2 ¥ ] LE 3 LR L] hs
NFP vy PIA “x NS NS b NS NS§ NS NE&
NZP vs PDA-rope b w* NS wE NS N8 N3 N&
Substrare Classes
I'runks Trunks Bramdh Branch Branch Branch
>3an 12.5-30em 12.5-30¢em 3-125em L.5-5em Rope  <I.5cm  Terrestrial
CRC ve N?p & LX) (3] wh L L ¥ r\g
(RO s NZP-!’:IDE Ll " EE] *h *k NA ¥ NS
CRC vy PDA * LR ] E L *¥ L NA - *
NZPvs PDA hid NS NS ** b ** NS NS
NEP v PDA-ope w* NS NS h NS NA NS NS
Substrate Orieatation
Horizontal Diagonal Vertival Termunals
CRC vy NZP NS * ** *
CRO vs PDA e NS e e
NLP vs DA * ' % .
Forest Level
Canopy Subcanopy elow 2 metwers Terrestrial
CRC vs NAP NS *x re *
CRC vs PDA o - . +*
N7Pvs PDA = b NS AR

"n<0.01; "pdo.l}tll L NS = not significant; NA = not applicalile

Spearman’s rank corrclation ( r) was used to test for significant correlation between
locomotor, substrate size, substfate orientation, and forest level profiles between groups.
Correlations were considered to be significant when p<0.01. To test for difference be-
tween individual components of these profiles we used pairwise single classification
analysis of variance. Here, categories were considered to be significantly differemt when

p<0.0].

THE MAJOR FEATURES OF LOCOMOTION IN Leontopithecus

rosalia

Figure 1 shows the general lacomotor prafiles of L. rosafia. At CRC we find that L.
rosalia is basically quadrupedal with leaping of secondary importance. Suspension and
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Figure 1. Locomoton of Leantopithecus rosalia (general locomotor categories).

vertical climbing represented less significant components of the locomotor profile, These
generalizations are consistent with differences in limb indices between £, rosalia and Cal-
limica (Rosenberger and Stafford, 1994) (Table 4), with forelimb and hindlimb lengths
mere nearly equal in Leontopithecus while Callimico has appreciably longer hindlimbs.
Given this, one would expect more quadrupedalism in Leontopithecus. Data collected
from the videotapes {Figure 2) showed that L. rosafia typically utilize the transverse gal-
lop, a gait which involves a marked overstriding of the forelimbs by the hindlimbs. Such a
condition is not unique for primates (see Hildebrand, 1967; Tuttle, 1969; and Vilensky.
1989; Vilensky and Larson, 1989) or even for mammals that gallop, but it does appear to
be unique to Leontopithecus among the callitrichines, This may be the result of the incor-
poration of elongate forelimbs into the locomotor system. As shown in Figs. 2 and 3, L.
rosalia use a unique pattern of hand and foot placement when galloping. Rather than posi-
tioning the hands and feet on either side of a support, both forehmbs and hindlimbs are set
to one side. We have proposed the term “transaxial bounding™ (Rosenberger and Stafford.
1994) to descnibe this pattern because although the gait is technically a gallop it fulfills the
role of rapid quadrupedal locomotion in L. rosalia where other callitrichines utilize a half-
bound.

We first identified transaxial bounding at CRC, and initially thought it represented
an artifact of captivity but since then we have confirmed the occurrence of this pattern in
wild-bom L. resalia at Pogo das Antas and also in captive L. chrvsomelas. To date, we
have found no differences in gait patterns between the captive-born zoo animals and the
wild animals, although we continue to investigate this possibility. Thercfore, transaxial
bounding appears to be a normal locomotor pattern in Leontopithecus,

Kinematically this gait is quite distinctive. The hindquarters are displaced lateral to
the midline of the support before the hind feet contact it (Figure 2bé&c). During the next
phase of the stride, when the animal is extending the spine (Figure 2a), the shouiders
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Figure 2a and b. Galloping in L. rosatig at CRC taken from a sequence of video frames.

straighten cut in the direction of travel (Figure 2¢) but turn laterally again as the forelimbs
contact the substrate (Figure 2a, see Figure 5 Rosenberger and Stafford, 1994). The result-
ing pattern is visually very distinctive compared to the half-bounding of Caliimico and
produces a situation where the animal’s body oscillates back and forth over the midline of
the support.

We have suggested {Rosenberger and Stafford, 1994) that the specific pattern of
forelimb elongation in Leontopithecus contributes to this gait pattern, The proportions of
the antebrachium and manus in Leontopitecus are unique among callitrichines (Table 4),
and indices clearly show that the longer forelimbs in Leontopithecus result from the elen-
gation of distal limb segments. Such a condition, with long forelimbs leading to more
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Frame 9 0f 13

Figure 2c. Galloping in L. rosafia at CRC taken from a sequence of video frames,

equal relative limb indices, may impart an advantage to galloping over bounding in Leon-
topithecus. Certainly, this condition would iead to increased arcs of excursion of the body
over the forelimb, producing an overstriding gait and increased stride length. These ad-
vantages probably explain the common occurrence of overstriding among mammals (i.e,
equids, canids, felids, bovids) and primates {(Gorille, Pan, Pongo, or Cercopithecus; see
Hildebrand, 1967; or Vilensky and Larson, 1989 for ¢xamples) that gallop. However,
these examples involve either terrestrial cursorial mammals, or primates moving terrestri-
ally. Our observations indicate that other callitrichines (Cullimico goeldii, Saguinus ved;-
pus, Callithrix argemtata, Cebuella pygmaea) never enlist overstriding during bounding
(sensu stricto) on arboreal supports and. to our knowledge, the only other arboreal mam-
mal documented to utilize hindlimb overstriding on arboreal supports is the northern fly-
ing squirrel {(Glaucomyvs sabrinus), which overstrides while half-bounding (Hampson.
1965), These animals are also notable for having relatively longer forelimbs than their ar-
boreal nongliding relatives (Thorington and Heaney, 1981), although this clongation does
not extend to the manus (Stafford, unpublished data).

We propose that the elongate hands of Leontopithecus necessiiate transaxial place-
ment as a means of reducing shearing stresses on the elongate manus. This placement may
also allow overstriding to occur on arboreal supports because it reduces the possibility of
interference between the forelimbs and hindlimbs by displacing the hindlimbs lateral to
the midline of the support. Additionally, the obligue placement of the manus may provide
cnhanced stability through frictional forces and compensate for the loss of pollical grasp-
ing in Leontopithecus, a consequence of the highly specialized nature of the hand (i.e,
manual elongation and interdigital webbing: see Garber. 1992; Hershkovitz, 1977; Rosen-
berger and Stafford, 1994).

QOur observations on other captive callitrichines (Callimico goeldii, Saguinus oedi-
pus, Callithrix argentata, Cebuella pygmaea) suggest that half-bounding is the ancestral
pattern for callitrichines, and that forelimb elongation is linked with a change from bound-
ing to galloping in Leontopithecus. Such an evolutionary transformation incorporates tran-
saxial bounding as an integral aspect of the locomotor system in Leontopithecus. We do
not deny the possibility that transaxial bounding confers some selective benefit in locomo-
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Figure 3. Hand- and footprints of L. rosalia galloping at CRC.
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Figure 4. Locomotion of £. rosalia {specific locomotor categories).

tor or positional behaviors, but would propose that transaxial bounding is a byproduct of
foraging adaptations that are incorporated as integral parts of the skeletal system, not a
product of selection for this specific gait pattern.

We prefer the hypothesis that selection for extractive foraging is a better causal ex-
planation of forelimb and manual elongation in Leonfopithecus (e.g., Hershkovitz, 1977,
Rosenberger, 1992} because there is ample biological evidence to support this hypothesis
(Peres, 1986; Rylands, 1989). L. rosalia rely heavily on concealed, embedded prey which
are removed from crevices, holes and the boles of large epiphytes by forceful extraction,
Biomechanically, longer forelimbs increase reach and improve leverage. There is also
comparative evidence suggesting that the elongation of anatomical components associated
with extractive foraging behavior (i.e., phalangeal elongation in Daubentonia madagas-
carensis and Dactviopsila sp.; and lingual elongation in Orycteropus afer, Manis sp., Myr-
mecophaga wridactyla, and Tamandua sp., for example) is widespread.

Within the Callitrichinae, forelimb elongation is associated with extractive foraging,
galloping, and transaxial hand and foot placement. Extractive foraging provides the most
strongly supported hypothesis for the origin of forelimb elongation in Leontopithecus, un-
til it can be shown that galloping or transaxial hand and foot placement confer some selec-
tive advantage. However, the influence of an elongate forelimb on other aspects of an
animal’s behavior (i.e., vertical clinging sensu Jungers, 1977; Cartmill, 1985; Thorington
and Thorington, 1989: leaping Garber, 1991: or quadrupedal locomotion Rosenberger and
Stafford, 1994) can have equally important secondary consequences in the daily life of the
individual and this may explain the origins of galloping and transaxial hand and foot
placement in Leontopithecus, 1t is within this context that we consider the locomotion of
L. rosalia constrained by morphology.
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It should be noted that we may never have identified transaxial bounding had we not
studied the animals at CRC. Given the size of these animals, and observation conditions in the
wild, it simply is not possible to determine what the animals are doing with their feet. In fact,
it required the transplanting of our captive experimental setup into the wild for us to identify
transaxial bounding conclusively in wild animals. Furthermore, our ability 1o recognize tran-
saxial bounding when collecting behavioral observations in the wild relied upon our compari-
sons of the kinematics of this gait with half-bounding callitrichines. This allowed us to
identify characteristics of transaxial bounding that do not rely upon being able to see the ani-
mal’s feet, and therefore allowed us to identify this behavior reliably in the wild.

CAPTIVE L. rosalia IN CONVENTIONAL AND FREE-RANGING
ENVIRONMENTS

Locomotor, substrate size, substrate orientation, and forest level usage profiles were
not significantly correlated between CRC and Beaver Valley (Figures 1, 4-8), and the dif-
ferences in locomotion between the two sits were not in accord with our predictiens based
on our initial work at CRC. We expected that the more discontinuous and flexible sub-
strate conditions at Beaver Valley would elicit more leaping-g and less quadrupedalism-g
than we observed at CRC. However, in examining our gross locomotor categories (Fig-
ure 1, Table 3} we found exactly the opposite pattern. There was proportionately more
leaping-g at CRC, while the frequencies of quadrupedalism-g remained unchanged be-
tween the sites.

A more detailed look at locomotion at the two sites (Figure 4, Table 3} also seemed
discordant with cur predictions. Although quadrupedalism-g was the most frequent cate-
gory of locomotor behavior at each site, different components of quadrupedalism-g pre-
dominated. Animals at CRC showed maore ttransaxial bounding, whereas walking
dominated at Beaver Valley. Also, bounding leaps occurred with a higher frequency at
CRC. This may be explained by the fact that bounding leaping is, by definition, an exten-
sion of rapid quadrupedal locomotion (i.e. rapid walking or running, and bounding). We
would, therefore, expect more bounding leaping to occur at a site where the animals are
doing more bounding. Unexpectedly, saltatory leaping did not differ between the two
sites, nor did gap bridging. We would have expected these behaviors to be more frequent
in the more varied, unstable, and discontinuous environment at Beaver Valley.

A consideration of substrate character, however, leads to the interpretation (Stafford
et al., 1994), that each of the groups was, in fact, behaving in accordance with available
substrate options. The animals at CRC were presented with a uniformly continuous, sta-
ble, and barrier-free network of supports and as a result they employed more transaxial
bounding. In Beaver Valley the animals walked more because they had to negociate more
complex and unstable supports. Figure 5 shows the substrate usage profiles for both
groups and illustrates the fact that the Beaver Valley group was using smaller, more flex-
ible supports more than was the CRC group. Note specifically that the most commonly
used support at Beaver Valley is the rope, which is small in diameter and highly flexible.
Consequently, these animals may have been less able to employ transaxial bounding and
bounding leaping and opted for walking, a gait which maintains the limbs in contact with
the support for a greater percentage of the stride cycle, and is therefore more secure for
the animal.

Figure 5 and Table 5 examined together further clarify the differences between the
two captive sites. The absence of large vertical trunks, small branches or terminal sup-
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Figure 5. Substrate use by Leontopithecus rosalia

ports, and ropes at {RC can immediately account for some differences in behavior. The
animals at CRC used larger supports for a majority of their locomotor behaviors while the
Beaver Valley animals used the smaller supports in most cases. At CRC there were no
close associations between specific locomotor behaviors and specific supports, while 1n
Beaver Valley animals did appear to use specific locomotor behaviors on certain classes
of supports. For examplc, quadrumanous climbing did not occur at CRC but it accounted
for 9% of the locomotor profile at Beaver Valley. This can be attributed to the fact that the
proper substrates (terminal supports of less than 1.5 cm in diameter) were not present at
CRC, while these kinds of substrates were used for 75% of all climbing activity at Beaver
Vaulley (Table 3). Similarly, the greater frequencies of vertical climbing seen at Beaver
Valley can be attributed to the presence of large vertical supports in the understory (tree
trunks), a class of substrate not available to the CRC animals. The differing character of
quadrupedalism between the twe sites, however, seems to have less to do with substrate
size than with substrate stability (see above). The Beaver Valley animals conducted most
of their quadrupedal behaviors on the ropes that were strung between trees in the sub-
canopy layer (47% for walking, and 77% for bounding).

LOCOMOTION IN WILD AND CAPTIVE L. rosalia

The most salient difference between the captive groups and the two wild groups
studied (Figure 1, Table 3} is that the captive animals are more quadrupedal than the wild
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Table §. Associations between locomotion and substrate for Leontopithecus rosalia
Walking Bounding Climbing Leaping Bnd. Leap V(b SudGRB
Conservation and Research Center {N=825)
Vert. trunk >30 c¢m dia. 0% 0% 0% 0% 0% % (%
Vert, Trunk 12.5-30 c¢m dia. 0% 0% 0% 0% 0% 0% 0%
Branch 12.5-30 cm dia. 39% 39% 0% 38% 445 " 0%
Branch 3-12.5 cm dia. 49%, 57% 0% 54% 47% 50%, 0%
2.5cm Rope (%4 0% % 0% 0% 0% 0%
Branch 1.5-5 cm dia. 12% 5% % 7% 925 33% 0%
Branch <i.5 cm dia 0% 0% 0% 0% 0% 0% [hk
Beaver Vallev. Narional Zoologicul Park iN=3338)
Vert. trunk >30 cm dia. 0% 0% 0% T 12% 35% %
Vert, Trunk 12 5-30 cm dia. 0% 0% 0% 7% 3% 32% 0%
Branch 12.5-30 cm dia. 1% 0% 1% 49 2% 8% [0
Branch 3-12.5 c¢rn dha, 8% 7% 3% 12% 13% T 3%
2.5 cm Rope 47% 7% 3% 29% 2R%, 12% 5%
Branch 1.5-5 cm dia. 27% 13% 19%4 1 7% 34% %% 19%,
Branch <1.5 cm dia 18% 3% 75% 23% 7% [ 41 %
Beaver Vallev Minus Ropes iN=2912)
Vert, trunk =30 cm dia. [958 %% 0% 109 1775 4% %
Vert. Trunk 12.5-30 cm dia. %o o 0% 10% 4% 36% W
Branch 12.53-30 cm dia. 2% 0% 1% H% 3% 9 3%
Branch 5-12.5 ¢m dia. 13% 0% 3% 17%% 1R 8% 874
Branch 1 5-5 ¢m dia. 50% 57% 20% 24% 47% (1% 29%
Branch <1.5 cm dia 3% 13% T7% 32% 10% T 638,
Pogo das Amas, Combined Groups {N=3795)
Vert. trunk >30 cm dia. 0% 0% 0% 2% %% 8% o
Vert. Trunk 12,5-30 cm dia. 0% 0% 0% 6% 1% 16%% 0%
Branch 12.5-30 em dia. 3% 9% ¥ 4% 3% T 7%
Branch 5-12.5 ¢m dia. 22% 37 3% 23%, 26% 3% 21%
Branch 1.5-5 cm dia. 55% 48 31% 46% 54% 33% 41%
Branch <1.5 ¢cm dia (B 5 5% 66%% 18% 13% 2% 31%
Poga das Antas, Dois Femmes (N=2533)
Vert, trunk =30 cm dia. 0% %% 0% 2% 1% T% Y
Vert, Trenk 12.5-30 cm dia. 0% %% 0% 6% 1% 1 5%, 0%
Branch 12.5-30 em dia. 4% 1% 0% 6% a% 11% §y
Branch 5-12.5 cm dia. 20% 35% 4%, 24% 26%% A3 200
Branch 1.5-5 cm dia. 58% 46% 1% 42% 0% 3% 0%
Branch <1.5 ¢m dia 16% 8% 64% 20% 16% 2% 32%
Fogo das Antas, Cacador (N=1260}
Vert. trunk >30 cm dia, 0% 0% 0% 2% % 9% 0%
Vert. Trunk 12.5-3{) cm dia. 0% 0% 0% 7% 0% 1R% 0%
Branch 12.5-30 em dia. 6% %4 0% 1% 3% 0% %%
Branch 5-12.5 cm dia. 26% 38% % 22% 26% 35%, 25%
Branch 1.5-5 cm dia. 61% 49% 29% 52% 61% 36% 30"
Branch <t.5 ¢m dia T 3% T1% 14% T 2% 25%
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animals, while the wild animals use quadrupedalism-g and leaping-g with equal fre-
gquency. Although leaping-g appears to occur with comparable frequencies at CRC and
PDA, we will see that the nature of this leaping-g is quite different between these two
sites. However, vertical climbing-g occurs with comparable frequencies in the wild and at
Beaver Valley, but at much lower frequencies at CRC. Surprisingly, suspensory-g behay-
iors were highest at CRC, lowest in the wild, and intermediate at Beaver Valley. These
differences may be the result of the lack of diverse, flexible, and complex substrates at
CRC, and reliance of the Beaver Valley animals on the rope bridges. The ropes provide
highways through the subcanopy, strung between large vertical supports, a situation that
may artificially enhance the frequencies of quadrupedal-g and vertical ¢climbing-g behav-
iors at the expense of leaping-g behaviors.

A more detailed look (Figure 4} at the locomotor profiles of the captive and wild
groups indicates that certain differences between these groups are quite marked (Table 3).
Each group of L. rosalia exhibited a unique, predominant locomotor preference; transaxial
bounding at CRC, walking in Beaver Valley, and leaping at Pogo das Antas. The fact that
both captive groups predominantly utilize some form of quadrupedalism-g largely ex-
plains the differences between the generalized locomotor profiles of the captive sample as
a whole and the wild groups. In spite of such large scale differences, the specific locomo-
tor profile of the free-ranging animals in Beaver Valley most closely resembles that of the
wild animals. Only two of the eight specific locomotor categories (walking and leaping)
differ by more than 3% between the Beaver Valley animals and the wild sample (Table 3).
However, between the CRC group and the wild animals only two locomotor categories
(walking and gap bridging) are within 3% of each other (Table 3). Furthermore, we now
see that the apparent similarity of leaping-g between CRC and PDA is the result of in-
flated levels of bounding leaping at CRC. In fact, the frequencies of both saltatory leaping
and bounding leaping are different between these two sites (Figure 4, Table 3}. To this ex-
tent, we can confirm that locomotion in the free-ranging environment better approximates
the wild than the locomotor behavior exhibited in the cages at CRC,

It is interesting to note that when the effects of rope use are removed from the analy-
sis of Beaver Valley Jocomotion (Table 3), this group’s locomotor profile diverges from
that of the wild groups even more. We would have expected the Beaver Valley animals to
have more closely approximated the wild groups in such a comparison. However, the lo-
comotor profile of the Beaver Valley animals remains essentfally unchanged (i.e. within a
few percent of the values for the wild groups in all categories) except that bounding,
which now drops to only 3%, is now also significantly different between these groups.
Obviously, the fact that 77% of all bounding at Beaver Valley occured on the ropes has a
lot to de with this. We interpret these data as evidence that the captive animals are utiliz-
ing more conservative gaits on unstable natural supports because even with the exclusion
of rope use walking remains disproportionately high at Beaver Valley, while leaping re-
mains low. In effect, the inclusion of rope use in the substrate profile of the Beaver Valley
group “artificially” raises the frequency of bounding for this group but dees not dramati-
cally affect other behaviors.

Substrate usage profiles (Figure 5, Table 3) were very different between all groups,
with the CRC animals showing highly restricted substrate selection and Beaver Valley
animals strongly preferring the ropes. The CRC situation is explained by the fact that the
animals did not have a diversity of substrates available to them. Because of this, the Bea-
ver Valley substrate profile resembles that at Pogo das Antas in indicating a wider selec-
tion of substrate types. When the overall profiles are recomputed with the rope category
eliminated (Figure 6), the Beaver Valley and the wild samples appear even more similar,
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Figure 6. Substrate use by Leentopithecus rosalia (calculated without ropes).

with branches between 1.5 and § cm now no longer statistically different as compared to
the wild sample. Interestingly, the exclusion of the ropes from the analysis does not
change the relationship between the CRC sample and the Beaver Valley sample, providing
further evidence that the Beaver Valley environment elicits behaviors that more closely
approximate behaviors seen in the wild.

In both the Beaver Valley and PDA groups, branches that can be grasped in the hand
(i.e. 1.5-5 cm in diameter) were the most often used substrates. The Beaver Valley ani-
mals used large vertical (»30 ¢m) trunks much more than did the wild animals and this
may be an artifact of the positioning of the ropes, which were strung between large verti-
cal trunks, It is interesting that the Beaver Valley animals appear to use small and terminal
branches (<1.5 cm} relatively more than the wild animals once rope use is removed from
the analysis, although this change is not statistically significant (Table 3). It is also inter-
esting that the wild animals used larger supports (i.e., ones that are roughly the same di-
ameter as the animal’s trunk) more often.

There are two likely explanations for this pattern. The first is that substrate availabil-
ity is different between the two sites and that the animals are randomly selecting supports
based on availability. Testing this hypothesis would require data on relative abundance of
substrate types between sites, and such data are not available for these groups. The second
hypothesis is somewhat more compiex, and proposes that the differences exhibited by our
study groups reveal some “deficit” in the locomotor skills of captive L. rosafia. A greater
frequency of small and terminal branch use by the Beaver Valley animals coupled with
their higher frequencies of walking and lower frequencies of saltatory leaping may reflect
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their preferred means of crossing gaps in the canopy that the wild animals would cross by
leaping. A greater ability, or willingness, of wild animals to cross gaps in the forest by
leaping while captive animals find alternate routes is indicated by the greater frequency of
{eaping in wild animals and more walking in the Beaver Valley Group. Routes used by the
Beaver Valley animals typically include more small and terminal supports. The data pre-
sented in Table 5 support this hypothesis. The Beaver Valley animals used branches
smaller than 1.5 cm in diameter for 33% of all their walking bouts, and for 77% of all
their climbing bouts. By contrast, the wild groups only used branches smaller than 1.5 cm
in diameter for 14% of all walking bouts, although 66% of all climbing bouts used these
supports. This may indicate that the Beaver Valley animals are walking further out into
the periphery of the tree crowns than are the wild groups. In contrast, the greater reliance
on larger supports in the wild groups may reflect the need for stable launching and landing
platforms during leaping. Thirty-two percent of all leaping at Beaver Valley involved the
smallest class of supports, as opposed to 18% at PIDA. Conversely, leaping from larger
supports {i.e. 1.5-12.5 cm in diameter) is more common in the wild (41% vs. 69%). We
propose that the Beaver Valley animals are walking and climbing further out into the can-
opy before leaping to cross gaps, while the wild animals are leaping greater distances from
more stable supports.

When substrates are broken down according to inclination (Figure 7}, it is apparent
that captive animals strongly prefer horizontal supports {Table 3). Although wild animals
appear to show a slight preference for vertical supports, they also use horizontal and di-
agonals with similar frequency. It is interesting that under the protocols for which these
data were collected, the wild animals show a greater preference for terminal supports than
the Beaver Valley animals, somewhat contrary to the discussion above. This is because
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the category “terminals™ is a structural, and not a size, category. Terminal branches are, by
definition, smaller than 1.5 cm in diameter, but not all branches less than 1.5 cm in diame-
ter are terminal branches. In order to qualify as “terminal branches™ such small supporis
must have a geometrically compiex structure. If the support that the animal is traveling on
can be identified as a single support with & given orientation, then it is not ¢lassified as a
terminal. Another point is that the congentrated use of large (>30 cm) tree trunks, which
only occurs in Beaver Valley, contributes disproportionately to the vertical category in
this group, while the wild animals spend relatively more time on smaller diameter vertical
supports. Table 5 indicates that while 85% of all vertical climbing in Beaver Valley occurs
on supports greater than 12.5 cm in diameter, in the wild 69% of all vertical climbing oc-
curs on supports smailer than 1.5 cm in diameter.

Forest level usage also differs between our study groups (Figure 8). The animals at
CRC were constrained by the fact that their cages were only just a little over two meters
high and they will not be further discussed. The more evident similarities belween the
Beaver Valley and PDA groups are somewhat difficult to evaluate because the relatively
greater use of the subcanopy at Beaver Valley relates to the arrangement of the ropes
which were attached below the tree crowns. To what degree the Beaver Valley animals
would have used the canopy in the absence of the ropes is difficult to say. We have noted
{Stafford et al., 1994) that the removal of two of the peripheral ropes in Beaver Valley did
seem to elicit locomotion in the canopy along paths previously crossed by the ropes, but to
what degree this was a result of rope removal, or increased locomotor competency in the
animals is unknown (see Price. 1994 for an excellent study of Suguinus vedipus under
similar but better controlled circumstances). In general, Beaver Valley offers a closer ap-
preximation of wild conditions in terms of the levels of the forest used.
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Figure 8. Use of forest level by Leontopithecus rosalia.
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CONCLUSIONS

The results of this study lead us to several conclusions.

1. The locomotor profiles of L. rosalia in the wild and captivity are different. This
difference appears to be manifested in a greater reliance on horizontal supports,
a reduced degrec of leaping-g behavior, and an increased reliance on a single
form of quadrupedal locomotion in captive animals. In comparison, wild groups
used leaping and vertical climbing as their primary locomotor choices, followed
by variations of quadrupedalism-g.

2. The Beaver Valley environment seems to approximate the wild conditions better
than the “conventional” enclosures at CRC. Even so0, we would urge caution
when positioning substrates into exhibits because of the apparent associations
between specific locomotor categories and certain substrates.

3. The unique nature of quadrupedalism in L. resalia is best explained as the result
of incorporating foraging adaptations into the locomotor system, and not of lo-
comotor adaptations per se. This unique pattern of cheiridial placement, now
confirmed as the common pattern of L. rosalia in the wild, is constrained by
forelimb morphology and is never seen to vary between settings.

4. The use of generalized locomotor categories to characterize the locomotor pro-
file of any species may underrepresent the diversity of behaviors being used.
Narrowly defined locomotor categories based on footfall patterns and kinemat-
ics may offer more acute insight into the specific correlations between locotmo-
tor behavior and morphology.

5. Captive studies are important because they offer opportunities to study behav-
iors without the obstructions present in the field. They allow experimentation,
allowing the researcher to eliminate substrate as a variable between taxa, and to
evaluate the effects of substrate size and inclination on locomotion.

Finally, as a general comment regarding the characterization of locomeotion in L.
rosafia, we point out that the lecomotor profile of the wild animals suggests caution con-
cerning our earlier hypothesis (Rosenberger and Stafford, 1994} which cast L. rosalia as a
basically quadrupedal species based on our comparison with Caflimico. In the wild, L.
rosalia apparently use equal amounts of guadrupedalism and leaping. This makes their
classification as “basicaily quadrupedal™ somewhat probiematic. A critical piece of miss-
ing information is comparative locomotor data on other callitrichines living in the same
environment. Such studies could easily answer the question of whether or not L. rosalia
are relatively more quadrupedal than other callitrichines as their morphology suggests.

SUMMARY

We report here on the locomotor behavior of three groups of golden lion tamarins
(Leontopithecus rosalia); one in conventional captive enclosures, another in a captive
free-ranging setting, and a third in the wild in Brazil. We find that L. rosalfia appear to be
more quadrupedal than other callitrichines in captivity, and that they use a unique mode of
quadrupedal progression probably related to the elongate manus of this genus. We propose
that the unique character of locomotion in L. rosalia is the result of incorporating foraging
specializations into the locomotor system, rather than consider it a locomotor adaptation
in the strictest sense. We found that locomotion did differ significantly between our
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groups, and that there were ¢lose associations between certain substrate types and certain
locomotor behaviors for all groups. We propose that the different environments between
the study sites drives this difference in locomotor behavior. While the locomotor behavior
of the wild groups studicd was different than that of the captive groups studied, there were
few differences in the locomotion between wild groups in spite of the fact that there ap-
pear to be substantial differences in utilized substrates. We propose that morphotogical
constraints explain this relative constancy in locomotor behavior between the wild sitas.
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