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Summary

A comparative study of quantitative kinematic data
of fore- and hindlimb movements of eight different
mammalian species leads to the recognition of basic
principles in the locomotion of small therians. The
description of kinematics comprises fore- and hindlimb
movements as well as sagittal spine movements including
displacement patterns of limb segments, their contribution
to step length, and joint movements. The comparison of
the contributions of different segments to step length
clearly shows the proximal parts (scapula, femur) to
produce more than half of the propulsive movement of the
whole limb at symmetrical gaits. Basically, a three-

the limb. While kinematic parameters of forelimbs are
independent of speed and gait (with the scapula as the
dominant element), fundamental changes occur in
hindlimb kinematics with the change from symmetrical to
in-phase gaits. Forward motion of the hindlimbs is now
mainly due to sagittal lumbar spine movements
contributing to half of the step length. Kinematics of small
therian mammals are independent of their systematic
position, their natural habitat, and also of specific
anatomical dispositions (e.g. reduction of fingers, toes, or
clavicle). In contrast, the possession of a tail influences
‘pelvic movements'.

segmented limb with zigzag configuration of segments is
mainly displaced at the scapular pivot or hip joint, both of

which have the same vertical distance to the ground. Two
segments operate in matched motion during retraction of

Key words: in-phase gait, lumbar spine, locomotion, symmetrical
gait, X-ray, small therian mammal.

Introduction

The evolution of mammalian limbs is marked by thenew therian limb. The principles that emerge from these
transition from a two-segmented, sprawled tetrapod limb to studies, together with the published work especially on cats
three-segmented limb (for a review, see Fischer, 1999) anill be also tested for their validity in midsize ungulates.
from lateromedial, undulatory movements to dorsoventral Another key innovation of therian locomotion is the regular
movements of the body axis (Hildebrand, 1974). The additionse of in-phase gaits (gallop, half-bound, bound); crocodiles
of locomotory active segments is achieved in different wayshow gallop only exceptionally as juveniles (Zug, 1974).
for fore- and hindlimbs: the shoulder blade becomes moveablsccording to Hildebrand (1985), sagittal spine movements
and is added as the proximal segment to the ‘old’ ancestratcur typically in fast carnivores, lagomorphs, and rodents. We
forelimb (Jenkins and Weijs, 1979), whereas on the hindlimipresent first data for other especially small therians. The
the existing distal element, the foot, is prolonged and becomesnsequences of these ‘new’ gaits on fore- and hindlimbs and
the third segment by the ‘new’ ankle joint. As a consequencespecially lower spine kinematics have never been quantified
serially homologous elements such as humerus and femur osing cineradiography. Based on the X-ray study of slow
longer functionally correspond to each other. The functionalvalking (i.e. exploratory walking) in the tree shr@wpaia
correspondence is now: shoulder blade to thigh, upper arm gis, a restricted bending region of flexion between Th11l and
lower limb, forearm to foot. These postural changes influencel has been described (Jenkins, 1974a). This observation will
fundamentally the action of the limbs during locomotion.  be tested in faster ‘in-phase’ gaits. In our study, we also

Our first aim is to present quantitative kinematic data ofncluded animals with and without tails, to test their influence
fore- and hindlimbs’ movements for several, only distantlyon the kinematics of the sagittal back movements.
related, small therian mammals at different gaits. Based on this Cineradiography is the only tool that recognizes the exact
substantial amount of highly detailed work, a comparativiinematics of all proximal skeletal parts hidden under the skin
study of limb configuration and kinematics was undertaken tand subcutaneous fat. Previous studies on quadrupedal therian
look for basic kinematic similarities emerging together with themammals quantitatively analysed either (1) single joints such
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as the shoulder joint in ratRéttus norvegicysJenkins, primate Saguinus oedipusSchmidt and Voges, 2001) are
1974b), hip joint and back movements in the skiMkphitis  included in this paper (e.g. in illustrating touch-down and lift-
mephitis Van de Graaff et al., 1982), trunk movements in theoff positions). Single kinematic studies including detailed
shrew-like opossum Monodelphis domestica Pridmore, information about metric parameters, footfall patterns and gait-
1992), elbow and wrist joint in the pottBdrodicticus pottp  specific kinematics, as well as intralimb timing are already
Jouffroy et al., 1983), ankle joint in kangaroo r&@gppdomys published on Procavia capensis(Fischer, 1994, 1998),
spectabilis Biewener and Blickhan, 1988), single limbs atOchotona rufescen&ischer and Lehmann, 1998)paia glis
specific gaits (e.g. hindlimb in cakelis catusf. domestica; (Schilling and Fischer, 1999), arieulemur fulvus(Schmidt
Kuhtz-Buschbeck, 1994), or (2) qualitatively single steps onlyand Fischer, 2000). These published data are drawn together
at one or more gaits (e.giupaig Jenkins, 1974a; jirds here by further calculations, for example, on the contribution
Meriones shawiGasc, 1993). Most data are available for theof limb segments to step length.
cat, which has long been used as a model organism (Engberg
and Lundberg, 1969; Goslow et al., 1973; Miller and Van der ,
Meché, 1975; Jenkins and Camazine, 1977; Sontag et al., 1978; Materials and methods
English, 1978a,b, 1980; Halbertsma, 1983; Hoy and Zernicke, Animals
1985; Caliebe et al., 1991; Kuhtz-Buschbeck et al., 1994; Limb kinematics were studied by cineradiography in adult
Boczek-Funcke et al., 1996, 1998, 1999). From outside of ouindividuals of eight small therian species which belong to
group the only cineradiographic study on fore- and hindlimhdifferent higher-order taxonomic groups of mammals. The
kinematics at different gaits was published by Rocha Barboddnematic analyses are based on more than 80,000 digitised X-
et al. (1996) on the domestic guinea @igvia porcellus ray frames. Table 1 gives an overview of the species under
Scapular displacement during quadrupedal locomotion haevestigation by denoting number of individuals, body mass
been measured iRelis (Miller and Van der Meché, 1975; and body length. For sake of simplicity, we named the species
English, 1978a; Sontag et al., 1978; Boczek-Funcke et aby their generic names only. All experiments were registered
1996), Rattus(Jenkins, 1974b)Cavia (Rocha Barbosa et al., by the Committee for Animal Protection of the State of
1996), Virginia opossunDidelphis marsupialigJenkins and Thuringia, Germany.
Weijs, 1979) and vervet monkeySercopithecus aethiops  Individuals were positively conditioned to move on a
(Roberts, 1974; Whitehead and Larson, 1994). The studi¢wrizontal motor-driven treadmill within a Plexiglas
named describe a clear pro- and retraction of the shoulder bladeclosure (length 100 cm, width and height were adapted to
during locomotion, but the impact of this displacement on stefhe requirements of each species) except for the arboreal
length and the overall kinematics of the forelimb has nevequadrupedaMicrocebus which walked on a rope-mill, an
been determined. arboreal analogue of a treadmill. Treadmill speed was not
We have collected kinematic data on eight different smalfixed, but the operator attempted to keep the running animal
therian mammals using cineradiography. Data of twan front of the X-ray screen for as long as possible. Thus, the
phylogenetically distant metatherianBaSyuroides byrnei, operator adjusted the speed to obtain certain preferred speeds
Monodelphis domesticagnd six eutherians belonging to five of the animals. Comparisons of treadmill locomotion
different orders (PrimatesMlicrocebus murinus Rodentia: and unrestrained locomotion have shown that the basic
Galea musteloides, Rattus norvegidumgomorphaOchotona  schemes of kinematics are the same in both situations
rufescensHyracoideaProcavia capensjsScandentialTupaia  (Fischer, 1999).
glis) are now available to elaborate upon the kinematic
principles of small mammal locomotion. In addition, data Cineradiography
based on analyses of two artiodactylsagulus javanica and The X-ray equipment consisted of an automatic Ptilips
the domestic goa€apra hircus(Lilje and Fischer, 2001), a unit (Type 9807 501800 01) with one X-ray source
very small rodent Acomys cahirinds as well as another image-amplifier chain. Pulsed X-ray shots were applied

Table 1.Number, size characteristics of the eight species under study

Number of individuals

Body mass Snouth-vent length

Males Females (9) (mm)
Monodelphis domestigMetatheria) 2 92 82
Dasyuroides byrngiMetatheria) 2 145 145
Galea musteloide@Rodentia) 1 1 300 216
Rattus norvegicu@Rodentia) 2 1 350 205
Ochotona rufescendagomorpha) 2 250 191
Procavia capensiéHyracoidea) 2 1200 280
Tupaia glis(Scandentia) 1 1 180 189
Microcebus murinugPrimates) 1 100 130
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(approximately 50kV, 200mA). The X-ray images on theat the flexor side of each joint. Segment angles were calculated
image intensifier were recorded either on 35 mm film using awersusthe horizontal plane. We shall use the term protraction
Arritechno R35-150 camera or with a high-speed CCD camef@ cranial rotation) for the cranial displacement of the distal
(Mikromak Camsyll) operating at 150framesls The end of each segment. Retraction (= caudal rotation) describes
animals were filmed in a lateral projection with a maximumits caudal displacement. Maximum amplitudes of joint
exposure time of 10s. As some of the animals were largexcursion during stance and swing phases were calculated from
than the area of interest covered by the image-amplifihe initial moments of segment and limb-joint movements.
(20.5cmx15.0cm), fore- and hindlimbs were recordedEffective angular displacements (EAD) were defined as
separately. An orthogonal wire grid, perpendicular to thelifferences of angles at touch-down and lift-off. The ratio EAD
projection plane, provided reference points for correction ofersus maximum joint amplitudes gives the coefficient of

geometrical distortions and metrical calculations. stance phase (CSP). A ratio higher than 0.5 indicates a joint’s
_ _ action resulting in a forward propulsive movement.
Processing of X-ray images Fischer and Lehmann (1998) proposed an ‘overlay method’

X-ray films were copied onto video tapes and A/D-convertedo calculate the relative contribution of angular movements to
using a video processing board (Screen MachiheFast] step length. While the CSP indicates the non-propulsive
Multimedia AG, Munich, Germany), and further analysed byvertical work of joints, only the overlay method enables
application of the software ‘Unimark 3.6’ (by R. Voss). Thiscalculation of the relative contribution of segment movements
software makes it possible to digitise interactively previouslyto horizontal forward motion, because it considers the
defined landmarks with a cursor function; it also correctslisplacements of pivots of the limb segments during stance
distortions automatically and calculate angles and distanceghase.

The positions of digitised landmarks and angles calculated in Summarising the ‘overlay method’ in short, the
the parasagittal plane are illustrated in Fig. 1. Anglegalculations are based on mean values of typical gait
calculated are the projections of angles onto the sagittal plasequences, of which stance and swing phase duration are
representing their contribution to movements in the plane ddcaled to equivalent relative durations using the method of
forward motion. linear interpolation. A polynomial fit of sixth order is used to

The errors generated by digitisation of skeletal landmarksterpolate data. For calculation, angular values are defined
and their influence on the angles calculated were tested Iy the vertical plane to be positive if the distal end of the
repetitive digitisation (five times) of one sequence (25 framesgegment is in front of the proximal end. The horizontal
for each species. The digitisation error depends on the size diStance I) between tip of toe and the pivot of the whole
the animal and the image contrast of skeletal elements. limb is determined for every single limb configuration during
ranges from 0.5° to 2.0° for segment angles (see below) arslance phase, using the lengths of segments and their angular
is roughly 1.0-3.0° for joint angles, because the errors of twexcursions against the vertical plane. By overlaying the
adjacent segment angles combine in joints following theroximal segment onto the next configuration, without
Gaussian rules of error propagation. changing angles in the more distal joints, the difference

between the horizontal excursion at instantpi) (and at
Analysis of angular movements and their contribution to stegnstant i+1 (pi+1) is the step length caused by the rotation of
length each particular segment. For each segment the absolute

Limb joint angles were defined anatomically and measuredontribution to step length is given by the summation of all

Scapula—7z_~
it ,-v'/ Shoulder joint

Kneejoint

. Segmentsto
horizontal line

5cm

Fig. 1. Positions of captured skeletal landmarks and calculated angles of segments and joints projected onto the parssagittal pl
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Table 2.Kinematic parameters of forelimb segments and limb joint angles at (A) symmetrical and (B) in-phase gaits

Touch down Lift-off Amplitude Contribution Coefficient
angle (degrees) angle (degrees) stance (degrees) to step of stance
Mean Range N Mean Range N Mean Range N length (%) Mean N
(A) Symmetrical gaits
Scapula
Monodelphis domestica 37 29-42 18 90 75-106 17 59 50-72 16 53
Dasyuroides byrnei 41 30-58 23 79 7192 22 44 28-63 22 58
Galea musteloides 39 32-48 27 96 85-104 29 60 51-69 27 73
Rattus norvegicus 41 32-51 27 95  79-103 31 60 44-68 27 57
Procavia capensis 51 39-66 44 101  83-120 44 53 22-80 44 63
Tupaia glis 38 26-49 31 92 81-103 31 59 40-69 28 43
Microcebus murinus 41 27-59 76 87 73-104 92 48 36-64 76 46
Humerus
Monodelphis domestica 62 39-76 18 -20 -29-14 17 84 6996 16 25
Dasyuroides byrnei 36 16-68 23 -21 -44-9 22 59 3791 22 15
Galea musteloides 62 38-73 27 -7 -14-0 28 71 59-82 27 11
Rattus norvegicus 58 51-70 27 -18 -28-4 31 78 63-94 27 16
Procavia capensis 65 25-97 47 -2 -16-16 47 83 48-113 15 18
Tupaia glis 85 65-102 31 -12 -24-2 31 105 88-134 28 17
Microcebus murinus 78 52-103 76 -5 -26-9 92 87 64-105 76 27
Lower arm
Monodelphis domestica 24 14-35 18 120 88-135 17 96 80-116 16 16
Dasyuroides byrnei 36 24-46 23 107  84-133 22 72 53-109 22 22
Galea musteloides 30 25-35 26 122 112-131 27 94 87-105 26 15
Rattus norvegicus 24 18-33 27 120 106-130 29 100 84-110 27 18
Procavia capensis 28 1047 47 117  93-138 47 100 68-122 15 18
Tupaia glis 8 1-15 31 138 101-156 31 133 99-152 28 32
Microcebus murinus 11 4-39 72 112 95-128 84 102 82-121 72 20
Hand
Monodelphis domestica 10 3-24 18 104  64-154 17 103 59-154 16 6
Dasyuroides byrnei 12 0-22 23 86  41-125 22 80 37-115 22 5
Galea musteloides 33 25-46 26 119  96-155 27 95 70-122 26 1
Rattus norvegicus 16 5-26 27 143 107-178 29 132 93-162 27 9
Procavia capensis 40 18-67 45 133 103-153 45 100 77-130 15 1
Tupaia glis 13 4-22 31 157 109-193 31 153 97-192 28 8
Microcebus murinus 2 -13-16 59 75 23-128 84 78 34-136 58 7
Shoulder joint
Monodelphis domestica 99  77-113 18 71 58-88 17 47 30-62 16 0.62 16
Dasyuroides byrnei 75 51-101 23 59 37-73 22 29 9-51 22 0.56 22
Galea musteloides 101 91-110 27 89 7999 28 23 16-32 27 0.50 27
Rattus norvegicus 99  89-110 27 77 57-89 31 38 25-52 27 0.56 27
Procavia capensis 115 88-138 44 100 72-121 44 30 11-53 44 0.53 44
Tupaia glis 123 105-141 31 80 5898 31 60 40-89 28 0.70 28
Microcebus murinus 120 93-141 76 82 64-98 92 49 26-75 75 0.86 75
Elbow joint
Monodelphis domestica 86  62-102 18 100 66-114 17 41 25-55 16 0.35 16
Dasyuroides byrnei 71 44-102 23 86 57-120 22 37 14-65 22 0.49 22
Galea musteloides 93 79-101 26 116 103-130 27 42 35-53 26 0.55 26
Rattus norvegicus 82 69-98 27 101 84-118 29 44 26-55 27 0.46 27
Procavia capensis 92 57-120 44 116  83-143 44 45 14-71 44 0.55 44
Tupaia glis 90 76-115 31 124  78-150 31 70 30-93 28 0.47 28
Microcebus murinus 85 61-105 74 101 76-117 89 40 24-61 74 0.38 72
Wrist joint
Monodelphis domestica 194 178-203 18 196 114-234 17 71 43-133 16 0.25 16
Dasyuroides byrnei 205 192-224 23 201 166-251 22 53 33-82 22 0.45 22
Galea musteloides 186 181-199 26 193 181-222 27 37 26-49 26 0.25 26
Rattus norvegicus 188 177-200 27 157 115-197 29 92 55-127 27 0.34 27
Procavia capensis 168 150-183 39 162 139-191 39 25 8-49 39 0.59 39
Tupaia glis 176 163-186 31 154 100-191 31 86 43-142 28 0.25 28

Microcebus murinus 187 172-201 63 215 168-248 89 76 46-109 63 0.42 57
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Table 2.Continued

Touch down Lift-off Amplitude
angle (degrees) angle (degrees) stance (degrees)

Coefficient

Contribution
of stance

to step
Mean Range N Mean Range N Mean Range N length (%) Mean N

(B) In-phase gaits

Scapula
Monodelphis domestica 42 29-61 43 84  72-93 44 45 25-60 40 52
Dasyuroides byrnei 45 33-64 18 80 67-90 18 37 25-48 18 55
Galea musteloides 47 39-57 38 92 86-100 39 47 38-55 38 59
Ochotona rufescens 46 20-70 318 80 51-100 318 37 7-65 318 66
Procavia capensis 54 45-68 28 101 94-110 28 48 32-64 28 80
Tupaia glis 46 36-61 17 85 66-95 12 47 37-67 12 47
Humerus
Monodelphis domestica 52 8-80 43 -23 -35-13 44 78 28-104 40 26
Dasyuroides byrnei 46 22-64 18 -11 -25-5 18 59 36-85 18 25
Galea musteloides 52 42-62 38 -3 -13-4 39 60 49-76 38 10
Ochotona rufescens 61 20-89 316 -1 -24-23 316 62 20-101 316 23
Procavia capensis 59 30-87 31 9 -3-16 31 36 26-59 8 -9
Tupaia glis 86 63-106 17 -13 -31-2 12 100 72-128 12 45
Lower arm
Monodelphis domestica 25 8-41 43 112 94-128 44 88 73-107 40 19
Dasyuroides byrnei 45 32-59 18 111 102-123 18 66 48-77 18 13
Galea musteloides 39 24-52 38 128 119-135 39 89 67-101 38 27
Ochotona rufescens 33 12-61 316 96 57-123 316 64 23-96 316 8
Procavia capensis 46 2662 31 118 97-127 31 68 56-82 8 29
Tupaia glis 18 6-28 17 105 88-124 12 87 80-101 12 3
Hand
Monodelphis domestica 4 -7-16 39 65 2-120 44 64 8-118 36 3
Dasyuroides byrnei 36 20-62 18 130 97-152 18 97 66-130 18 7
Galea musteloides 29 12-47 38 134 107-159 39 109 81-141 38 4
Ochotona rufescens 14 —2-56 316 86 21-157 316 75 17-154 316 3
Procavia capensis 52 32-85 31 132 114-143 31 70 58-94 8 0
Tupaia glis 17 10-28 12 136 114-156 12 126  100-147 9 5
Shoulder joint
Monodelphis domestica 94 66-126 43 61 47-75 44 40 7-70 40 0.82 40
Dasyuroides byrnei 91 61-113 18 69 46-91 18 29 10-48 18 0.74 18
Galea musteloides 99 91-110 38 89 80-95 39 26 15-37 38 0.96 38
Ochotona rufescens 107 80-140 318 80 50-105 318 30 1-63 318 091 318
Procavia capensis 114 90-136 28 110 101-117 28 23 10-37 28 0.5 28
Tupaia glis 132 107-153 17 72 62-82 12 60 31-91 12 0.98 12
Elbow joint
Monodelphis domestica 77 43-103 43 89 62-108 44 43 28-58 40 0.39 40
Dasyuroides byrnei 91 69-108 18 101 86-116 18 28 6-42 18 0.45 18
Galea musteloides 91 82-98 38 125 108-137 39 54 32-73 38 0.62 38
Ochotona rufescens 94 68-120 318 96 60-120 318 20 0-45 318 0.51 318
Procavia capensis 106 81-130 28 127 104-136 28 38 18-55 28 0.53 28
Tupaia glis 104 82-124 17 91 65-107 12 41 24-62 12 0.46 12
Wrist joint
Monodelphis domestica 202  181-217 43 227 164-297 44 62 42-91 36 0.56 40
Dasyuroides byrnei 188 163-202 18 165 139-205 18 43 19-80 18 0.65 18
Galea musteloides 190 171-210 38 174 152-200 39 51 28-71 38 0.36 38
Ochotona rufescens 200 159-235 318 190 102-255 318 42 2-127 318 0.49 318
Procavia capensis 175 152-185 28 165 147-177 28 24 8-37 28 0.49 28
Tupaia glis 183 167-198 13 149 115-174 12 72 51-112 9 0.46 9

single-frame calculations in stance phase. Finally, thenore proximal segment(s). The relative contribution of
contribution of the remaining segments to forward motion isegment displacement to step length depends on the pivot’s
calculated in the same way, except for the subtraction of theeight, the effective angular displacement (EAD) and the
angular movement achieved by the sagittal rotation of thiength of the segment.
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Results gaits. A continuous retraction of the scapula leads to a nearly
Fore- and hindlimb kinematics were studied byvertical orientation at the end of stance. Rotary movement then
cineradiography in eight small therian species. At least 15, bstops and in aclaviculate species such Rrscavia a
up to 300, step cycles (period between two successive touctnanslatory gliding along the thoracic wall follows (for details,
downs of one limb) were analysed within broad ranges ofee Fischer, 1994). Mean scapular lift-off angles are between
running speeds Galea 0.3-1.3msl, Dasyuroides 79° and 101° at symmetrical gaits and are in approximately
0.3-1.0ms!, Microcebus 0.3-1.7msl, Monodelphis the same range at in-phase gaits (Table 2A,B). Mean
0.4-2.4msl, Procavia 0.2-2.1ms, Ochotona  amplitudes of scapular retraction are maximally 10% higher
0.2-1.6ms!, Rattus 0.4-0.8msl, Tupaia 0.5-1.6msY. than the differences of angles at touch-down and lift-off. The
Each species preferred different gaits within even the sangreatest amplitude of scapular retraction was measured in the
speed ranges; e.BattusandMicrocebusonly used ‘walk’ but  rodents (60 ° for both species) andMonodelphisandTupaia
pikas only used ‘halfboound’ and ‘gallop’. Because mosteach with 59°.
animals changed both frequently and suddenly between walk In all species, humeral displacement is as uniform as
and trot, or gallop and halfbound, we pooled walk and trot datscapular movement (Fig. 2A,B). Mean touch-down angles for
as symmetrical gaits, as well as gallop and halfbound as ifive species are in a small range of less than 10° (58-65° at
phase gaits. symmetrical gaits, 52—61° at in-phase gaifSlupaia and
Kinematic data comprise segment and joint angles at toucMicrocebushave a more protracted upper arm at touch-down
down and lift-off, maximum amplitude of the stance phasewith mean angles of 85° and 78°, respectively (Fig. 4). In
contribution of segment displacement to step length and theontrastDasyuroideshas the most retracted humerus at touch-
coefficient of stance for limb joints at symmetrical gaitsdown, being only 36 ° at symmetrical gaits and 46 ° at in-phase
(Tables 2A, 3A) and in-phase gaits (Tables 2B, 3B,C)gaits. This species also shows the lowest overall amplitude of
Differences between trailing and leading limbs (first anchumeral displacement at 59 ° ahdpaiathe highest amplitude
second touch-down) were observed on the hindlimbs only af humeral retraction at 105° (Table 2A). Retraction of the
gallop and half bound and therefore, these limbs are presentedmerus starts before touch-down and is already completed at
separately. midstance. Afterwards, the humerus is positioned more or less
The following description of the kinematics of small horizontally and held in this position until the first quarter of
mammalian locomotion is divided into three main partsthe swing phasePfocavia-2°, Galea—7° andMicrocebus
forelimb, spine movement, and hindlimb. The sections on limb5° at symmetrical gaitsProcavia 9°, Galea —-3° and
kinematics start with the displacement pattern of the limiDchotona 4° at in-phase gaitsMonodelphis Dasyuroides
segments and their contribution to step length, followed by thandRattuselevate the humerus more above the horizontal line
description of joint movements. (mean angle between —18° and —21° at symmetrical gaits).
) The forearm is in matched motion with the scapula (i.e. both
Forelimb segments are displaced nearly parallel to each other),
Kinematics of forelimb segments especially during the stance phase (Fig. 2B). Mean touch-down
Segment displacements consist mainly of retraction duringngle is highly uniform at symmetrical gaits and ranges
the stance phase and protraction during the swing phase. In lbétween 24 ° and 36 ° with the exceptionTafpaia (8 °) and
species, retraction of all segments starts before touch-down Microcebus(11°) in which — by stronger protraction of the
90-95% of the previous step cycle duration at symmetricdilumerus and not by elbow flexion (see below) — the forearm
gaits and at 80 % of the previous step duration at in-phase gaissplaced almost parallel to the ground. At in-phase gaits, the
(Fig. 2A,B). Scapular protraction begins at 85-90 % of stanceean touch-down angle is more variable within our sample of
duration at symmetrical gaits but its timing is more variable aspecies and lies between 18 “Tinpaiaand 46 ° inProcavia
in-phase gaits. The beginning of humeral protraction varieRetraction of the forearm continues until the end of stance
around lift-off at all gaits, whereas forearm protraction is timeghase and ends at lift-off at symmetrical gaits, or at 10% of
to coincide with lift-off at symmetrical gaits or with 10 % of the swing phase at in-phase gaits. Lift-off angle varies slightly
swing duration at in-phase gaits. Protraction of the handsetween species (107-122 °) at symmetrical gaits. Quhaia
begins late in the first third of swing. Fig. 2A,B illustrates thedeviates from this position with a more retracted forearm
high uniformity of segment displacements (except of the hanq)L38 °) and thus has the greatest overall amplitude of forearm
in all species. movement (133 °). The mean lift-off angle has a broader range
Forelimb protraction and retraction are executed mainly byt in-phase gaits. The lowest values were observed in
scapular displacement, as the most proximal segmer@chotona(96°) andTupaia (105°), whereasGalea has the
Retraction of the scapula begins from the most flexed positiomighest lift-off angle at 128 °.
at 35—40° in the late swing phase. Mean touch-down angles of The hand is placed in a semidigitigrad position; a digitigrad
the scapula range within 37-51° at symmetrical gaits angdosition was frequently observed only iRrocavia In
42-54° at in-phase gaits. In those species in whiciMicrocebus walking on a rope-mill, the hand grasps around
symmetrical as well as in-phase gaits could be analysed, &me circumference of the rope. Here, hand and wrist joint angles
increased scapular touch-down angle was observed at in-phadso were projected onto the sagittal plane. Hand displacements



Limb kinematics of small mammals821

Table 3.Kinematic parameters of hindlimb segments and limb joint angles at (A) symmetrical and (B,C) in-phase gaits. Trailing
and leading limbs are presented separately in (B) and (C) respectively

Coefficient
of stance

Touch down Lift-off Amplitude

Contribution
angle (degrees) angle (degrees) stance (degrees) o

to step
Mean Range N Mean Range N Mean Range N length (%) Mean N

(A) Symmetrical gaits

Pelvis
Monodelphis domestica 33 21-42 18 31 21-39 16 12 5-25 16 -3
Dasyuroides byrnei 28 5-45 21 23 9-31 19 17 8-32 19 7
Galea musteloides 22 14-29 47 19 14-27 48 10 6-18 47 3
Rattus norvegicus 36 32-43 25 35 28-43 27 7 4-11 23 -3
Ochotona rufescens 37 28-47 30 35 30-42 30 10 6-19 29 4
Procavia capensis 51 36-68 21 a7 30-60 21 14 5-31 21 7
Tupaia glis 19 9-30 33 16 6-27 33 13 6-23 30 2
Microcebus murinus 42 25-60 77 37 26-49 86 14 7-28 76 10
Thigh
Monodelphis domestica 8 0-20 18 92 59-109 16 84 70-101 16 93
Dasyuroides byrnei 3 -15-26 21 51 14-89 19 51 24-85 19 59
Galea musteloides 24 10-37 75 100 83-116 76 76 50-101 74 84
Rattus norvegicus 7 -4-14 25 66 58-76 27 60 45-84 23 69
Ochotona rufescens 14 —2-22 30 61 49-70 30 51 36-69 29 67
Procavia capensis -7 -18-4 22 60 3095 22 71 55-83 11 52
Tupaia glis 16 2-29 33 125 102-143 33 110 91-126 29 82
Microcebus murinus 1 -12-27 76 76 53-96 85 78 40-98 75 93
Lower leg
Monodelphis domestica 84 69-96 18 14 3-21 16 71 60-81 16 -1
Dasyuroides byrnei 59 37-76 21 -2 -9-9 19 61 46-85 19 15
Galea musteloides 41 29-53 75 -14 -26-7 76 55 43-64 74 -9
Rattus norvegicus 73 63-84 25 -3 -17-5 27 77 69-84 23 18
Ochotona rufescens 65 56-72 30 -1 —6-7 30 66 51-76 29 19
Procavia capensis 82 66-101 22 -4 -14-6 22 93 82-103 11 26
Tupaia glis 49 33-60 33 -1 -20-11 33 59 48-76 29 =21
Microcebus murinus 87 63-98 76 16 -5-33 76 71 56-98 75 -7
Foot
Monodelphis domestica 7 -1-14 18 105 80-139 14 97 74-131 13 11
Dasyuroides byrnei 13 -3-33 21 92 67-118 19 81 46-118 19 19
Galea musteloides 12 5-23 73 117 99-130 74 105 85-121 72 22
Rattus norvegicus 8 —-4-15 24 102 77-118 26 95 79-110 23 16
Ochotona rufescens 11 2-17 30 91 71-103 30 80 59-98 29 10
Procavia capensis 18 7-35 22 137 103-165 22 124 103-144 11 15
Tupaia glis 9 -1-17 32 138 128-151 31 129 114-150 29 37
Microcebus murinus 16 1-47 77 109 86-132 77 95 87-124 67 4
Hip joint
Monodelphis domestica 41 32-48 18 123 98-141 16 86 70-103 16 0.96 16
Dasyuroides byrnei 31 21-51 21 73 40-98 19 46 18-80 19 0.9 19
Galea musteloides 40 34-47 47 115 103-126 48 75 59-88 47 0.99 47
Rattus norvegicus 43 28-54 25 102 93-109 27 60 45-78 23 0.96 23
Ochotona rufescens 51 44-61 30 96 86-106 30 49 29-60 29 0.99 7
Procavia capensis 45 29-56 21 107 86-139 21 70 50-100 21 0.89 21
Tupaia glis 35 27-46 33 141 116-156 33 110 92-123 30 0.96 30
Microcebus murinus 43 27-54 76 113 85-135 85 75 56-92 75 0.9 75
Knee joint
Monodelphis domestica 92 78-104 18 106 74-127 16 44 28-58 16 0.42 16
Dasyuroides byrnei 62 47-84 21 49 24-86 19 25 9-49 19 0.67 19
Galea musteloides 65 56-74 75 86 67-109 76 28 11-52 74 0.73 74
Rattus norvegicus 79 61-93 25 63 53-74 27 24 13-34 23 0.73 23
Ochotona rufescens 79 66-87 30 61 53-71 30 21 11-34 29 0.32 7
Procavia capensis 76 5796 21 58 24-96 21 45 30-63 21 0.52 21
Tupaia glis 65 52-79 33 124 82-151 33 72 44-100 30 0.8 30

Microcebus murinus 88 68-109 76 92 60-129 85 30 15-54 75 0.4 75
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Table 3.Continued

Touch down Lift-off Amplitude Contribution Coefficient
angle (degrees) angle (degrees) stance (degrees) to step of stance
Mean Range N Mean Range N Mean Range N length (%) Mean N
(A) Symmetrical gaits
Ankle joint
Monodelphis domestica 91 74-104 18 118 83-151 13 66 32-102 13 0.42 13
Dasyuroides byrnei 72 51-93 21 91 66-124 19 34 14-68 19 0.57 19
Galea musteloides 53 46-60 73 103 84-120 74 53 32-72 72 0.94 72
Rattus norvegicus 81 70-88 24 99 75-121 26 36 22-48 23 0.48 23
Ochotona rufescens 76 71-83 30 90 75-106 30 30 17-39 29 0.57 7
Procavia capensis 101 84-115 21 133 102-167 21 60 24-98 21 0.53 21
Tupaia glis 58 47-70 32 137 108-151 31 88 60-107 29 0.9 29
Microcebus murinus 103 84-126 77 125 98-165 77 36 20-74 67 0.7 67
(B) In-phase gaits, trailing limb
Pelvis
Monodelphis domestica 46 36-55 42 3 -7-11 34 44 30-55 32 52
Dasyuroides byrnei 53 45-59 11 13 6-22 10 40 29-51 10 52
Galea musteloides 56 45-66 16 13 6-23 17 44 23-67 16 50
Ochotona rufescens 73 46-85 107 49  32-78 107 27 3-45 107 53
Procavia capensis 78 58-93 51 37 27-65 51 49 23-64 50 49
Tupaia glis 45 27-60 14 11 4-25 14 35 18-52 14 45
Thigh
Monodelphis domestica 0 -26-31 42 98 69-122 34 98 61-133 32 47
Dasyuroides byrnei -6 -16-11 11 63 53-72 11 70 50-85 11 29
Galea musteloides -1 -18-8 16 86 67-105 17 88 66-123 16 36
Ochotona rufescens 1 -13-14 107 47  12-83 107 50 15-87 107 8
Procavia capensis -9 -31-1 50 56 10-82 50 86 77-97 10 16
Tupaia glis 5 -22-22 14 101 60-120 14 97 52-119 14 46
Lower leg
Monodelphis domestica 85 64-98 42 21 1-41 34 67 31-95 32 -10
Dasyuroides byrnei 81 65-94 11 7 1-15 11 74 57-91 11 5
Galea musteloides 71 55-95 16 -19 -25-10 17 90 75-112 16 6
Ochotona rufescens 82 54-102 107 18 1-36 107 65 37-92 107 35
Procavia capensis 100 81-113 50 3 -13-40 50 107 100-115 10 25
Tupaia glis 56 45-72 14 -11 -18—1 14 70 54-94 14 -7
Foot
Monodelphis domestica 7 -9-30 42 98 63-135 34 94 60-128 32 11
Dasyuroides byrnei 9 -2-27 11 109 103-114 7 97 76-112 7 14
Galea musteloides 5 -1-13 16 110 93-128 17 105 91-129 16 8
Ochotona rufescens 8 -3-29 107 78 17-125 107 73 14-121 107 4
Procavia capensis 16 0-48 48 121 54-147 50 128 121-138 10 10
Tupaia glis 12 4-19 14 107 65-120 11 95 52-112 11 16
Hip joint
Monodelphis domestica 46 23-67 42 101 79-128 34 56 33-82 32 0.95 32
Dasyuroides byrnei 47 37-63 11 77 68-84 9 33 21-41 9 0.88 9
Galea musteloides 55 45-64 16 99 90-111 17 50 39-71 16 0.9 16
Ochotona rufescens 74 49-92 107 95 68-120 107 26 5-60 107 0.78 107
Procavia capensis 67 45-94 50 93 51-114 50 38 20-69 49 0.7 49
Tupaia glis 49 38-56 14 112 85-127 14 64 35-78 14 0.98 14
Knee joint
Monodelphis domestica 85 62-111 42 119 76-149 34 54 34-87 32 0.6 32
Dasyuroides byrnei 75 66-88 11 70 60-80 11 32 21-50 11 0.28 11
Galea musteloides 69 62-79 16 67 48-93 17 27 11-51 16 0.34 16
Ochotona rufescens 83 61-104 107 64  40-109 107 34 6-55 107 0.57 107
Procavia capensis 89 42-111 51 59 1995 51 65 42-98 50 0.46 50
Tupaia glis 61 48-73 14 91 60-109 14 45 15-60 14 0.69 14
Ankle joint
Monodelphis domestica 91 67-116 42 119 84-163 34 74 39-133 32 0.37 32

Dasyuroides byrnei 90 78-106 11 117 112-120 7 40 28-48 7 0.67 7
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Touch down Lift-off Amplitude Contribution Coefficient
angle (degrees) angle (degrees) stance (degrees) to step of stance
Mean Range N Mean Range N Mean Range N length (%) Mean N
(B) In-phase gaits, trailing limb
Galea musteloides 76 64-94 16 91 68-114 17 42 25-67 16 0.36
Ochotona rufescens 90 57-130 107 97  55-134 107 35 12-70 107 0.44
Procavia capensis 115 88-152 49 125 92-150 51 63 33-87 48 0.27
Tupaia glis 69 59-78 14 94  64-110 12 40 12-58 12 0.67
(C) In-phase gaits, leading limb
Pelvis
Monodelphis domestica 46 36-55 42 3 -7-11 34 44 30-55 32 53
Dasyuroides byrnei 52 45-58 11 12 4-21 10 40 29-53 10 51
Galea musteloides 50 34-72 16 9 3-17 16 41 18-64 16 38
Ochotona rufescens 73 45-92 104 43 30-78 104 31 0-51 104 65
Procavia capensis 80 59-92 18 40 29-65 18 46 23-62 17 48
Tupaia glis 38 19-56 14 2 -9-9 12 39 28-58 13 41
Thigh
Monodelphis domestica 0 -26-31 42 98 69-122 34 98 61-133 32 44
Dasyuroides byrnei -5 -14-9 11 70 44-111 11 75 39-125 11 28
Galea musteloides -5 -21-11 16 98 88-107 16 103 83-125 16 50
Ochotona rufescens -9 -27-27 104 52 25-76 104 61 23-100 104 10
Procavia capensis -14 -29-1 12 67 10-95 12 103 70-132 9 27
Tupaia glis 0 -21-18 14 109 83-124 13 109 74-127 13 53
Lower leg
Monodelphis domestica 85 64-98 42 21 1-41 34 67 31-95 32 -8
Dasyuroides byrnei 80 68-96 11 12 0-39 11 71 57-87 11 7
Galea musteloides 71 60-87 16 -14 -27-6 16 86 64-105 16 2
Ochotona rufescens 82 49-98 104 22 4-46 104 60 19-89 104 19
Procavia capensis 98 71-109 13 6 -14-14 13 107 96-116 9 16
Tupaia glis 61 34-78 14 -4 -20-10 13 71 49-87 13 =12
Foot
Monodelphis domestica 7 -9-30 42 98 63-135 34 94  60-128 32 11
Dasyuroides byrnei 7 -1-17 11 103  81-114 7 94 81-106 7 14
Galea musteloides 4 1-7 16 118 107-132 16 115 95-131 16 11
Ochotona rufescens 5 —-7-29 104 81 9-118 104 77 23-114 104 6
Procavia capensis 19 5-50 12 126  97-142 13 122 105-150 9 9
Tupaia glis 10 2-20 14 114  82-141 12 104 74-131 12 18
Hip joint
Monodelphis domestica 46 23-67 42 101 79-128 34 56 33-82 32 0.95
Dasyuroides byrnei 47 39-59 11 80 60-115 10 36 11-72 10 0.91
Galea musteloides 44 26-63 16 106 97-116 16 68 43-84 16 0.92
Ochotona rufescens 64 44-78 104 94 67-124 104 33 6-73 104 0.89
Procavia capensis 60 40-80 40 109 71-141 38 61 24-95 37 0.74
Tupaia glis 38 32-48 14 110 87-123 12 72 46-88 12 0.99
Knee joint
Monodelphis domestica 85 62-111 42 119 76-149 34 54  34-87 32 0.6
Dasyuroides byrnei 75 67-86 11 74  60-88 10 31 18-48 10 0.41
Galea musteloides 66 50-84 16 84  62-97 16 36 24-52 16 0.50
Ochotona rufescens 73 46-94 104 74  53-108 104 22 5-58 104 0.56
Procavia capensis 75 42-100 39 79 19-104 39 61 40-87 38 0.3
Tupaia glis 75 36-126 13 91 58-129 13 57 24-79 13 0.76
Ankle joint
Monodelphis domestica 91 67-116 42 119 84-163 34 74  39-133 32 0.37
Dasyuroides byrnei 87 76-98 11 113 97-123 7 40 23-49 7 0.67
Galea musteloides 75 62-90 16 104 80-125 16 54 32-74 16 0.55
Ochotona rufescens 87 68-115 104 104  60-137 104 35 4-70 104 0.54
Procavia capensis 110 76-147 39 134  77-161 39 70 51-99 38 0.37
Tupaia glis 71 53-86 14 110 80-144 12 54 28-86 12 0.7
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Fig. 2. Mean values of forelimb segment angular excursions of typical sequences at symmetrical (A) and in-phase (B) gaitsd Steing
phases are scaled to the same duration using the method of linear interpolation. Based on this method the data for gawntimte se
smoothed but their characteristics are preserved. Note the uniformity of time schemes especially of segment displaceméifterdespis
for example in shoulder joint angular excursions.

are highly variable between all species as compared to tlsynchronised with it at the start of retraction and protraction
relative uniformity of displacements of the more proximal(Fig. 2A,B). Hand retraction starts in the second half of the
segments. Mean touch-down angles vary within broad rangassance phase and ends in the first third of the swing phase in
(2-40° at symmetrical gaits, 4-52° at in-phase gaits). Thall species excefrocavia Mean lift-off angles are between
highest angle value was measuredPiocavia(Table 2A,B),  78° (Microcebu$ and 157 ° Tupaig at symmetrical gaits, but

in which the hand is displaced in a line with the forearm anat in-phase gaitsSTupaia (136°), are closer to the values
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B Forelimb, in-phase gits
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observed in most other species (€&gleal34 °,Dasyuroides driven passively by the action of the more proximal segments.
130°, Procavia132 °). Monodelphisshows a relatively lower For example, the proper motion of the humerus in the shoulder
angle at these gaits (65°). joint of Microcebusduring the stance phase accounts for only
48% of its amplitude. More than 50% of its humeral
Contribution of forelimb segment movements to step length displacement results from scapular retraction alone and only
The dissociation of segment and joint movements becomeb % of its forearm displacement is actually achieved in the
obvious when the displacement of humerus, forearm and hartbow joint.
are compared with the effective angular movements in Calculation of the contribution of segment movements to
shoulder, elbow and wrist joints. Distal segments have a lowtep length using the ‘overlay method’ (Fischer and Lehmann,
degree of proper motion in the proximal adjacent joint and ar£998) indicates the predominance of scapular retraction in
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forelimb movement. Scapular retraction accounts for moréft-off (effective angular displacement, EAD), especially in
than 50% and up to 80% for step length in most species btite elbow and wrist joint (Tables 2A,B). The coefficient of
for less than 50% iMupaiaand Microcebus(Table 2A,B).  stance phase (CSP), calculated as the ratio of EAD and the
The high value irProcavia (80 %) results from both the high amplitude of joint excursion, indicates the degree of horizontal
scapular pivot and the amplitude at in-phase gaits. In contrastersus vertical action of joints. A CSP value of less than 0.5
the relative position of the scapular pivotDasyuroidesis  indicates mainly vertically stretching and bending of the limbs
even higher than ifProcavia (Fig. 4) but the amplitude of and not to body protraction.
scapular retraction is low and, therefore, the overall The shoulder joint has a relative high CSP in all species. It
contribution of the scapula is lower Dasyuroidesthan in  ranges between 0.50 and 0.86 at symmetrical gaits and
Procavia increases for most of the species at in-phase gaits (except for
The relatively lower scapular contribution in bofpaia  Procavig. Mean shoulder joint angles at touch-down range at
and Microcebusis due to an overall increase in step lengthsymmetrical gaits from 75 ° iDasyuroidego 123 ° inTupaig
caused in the first instance by a stronger protraction of thend are between 91 D&syuroidey and 132 ° Tupaig at in-
humerus and additionally by an extensive retraction of thehase gaits (Table 2B). The mean lift-off angles are always
forearm in Tupaia Except for these two species, thesmaller than touch-down angles and consequently, the
contribution of humeral displacement to step length is alwaysesulting net joint movement of the shoulder joint is a flexion
less than half of the scapular amount. The forearm contributésxcept inProcaviaat in-phase gaits). The variability of the
positively to step length only in the second half of the stanckft-off angle is similar to that of the touch-down angle. In the
phase when its pivot (the elbow) raises. The forearm’dirst third of the stance phase, humeral retraction is faster than
contribution can exceed the value of the upper arm in specissapular caudal displacement, resulting in a flexion of the
in which the forearm is retracted extensively; &.gpaiaat  shoulder joint which ends at approximately 50 % of the stance
symmetrical gaits orGalea at in-phase gaits. The hand duration. The flexion is rather weak mrocaviag Galea
contributes to step length only in the last third of the stancBasyuroidesand Microcebus Flexion diminishes at in-phase
phase when the wrist joint is lifted from the ground; in mosgaits, an effect which is pronouncedionodelphisShoulder
species it contributes approximately 5% and never more thgaint movement inTupaiais exceptionally monophasic at in-

10% to step length. phase gaits, where the joint is continuously flexed during the
_ _ S whole of the stance phase and even until 26% of swing
Kinematics of forelimb joints duration (Fig. 2B). The lowest overall amplitude of shoulder

In almost all species, the shoulder, elbow and wrist jointsnovement was found at symmetrical gait&ialea(23 °) and
display biphasic angular movements during one step cycle fat in-phase gaits ifProcavia (23°), the highest inTupaia
both symmetrical gaits and in-phase gaits (except for the wrig60 °).
in Procavia and the shoulder iTupaig Fig. 2A,B). Phase In almost all species, the amplitudes of elbow joint
relationships between different joints indicate that extensionsxcursions during the stance phase occur within a small range
in the shoulder, elbow and wrist joints are not synchronised37-45 °) at symmetrical gaits (Table 2A). Only the amplitude
Flexion of all joints starts before touch-down, causingofthe elbow joint ofTupaia(70 °) deviates from these values,
retraction of the segments. Flexion in the elbow joint reachess a consequence of extensive retraction of the forearm at the
its maximum at 10-20% of step duration (20—40 % of stancend of the stance phase. At in-phase gaits, the amplitudes of
duration) (Fig. 2A,B), when the hand passes underneath tlebow joint movements vary over a broader range, between
shoulder joint. Shoulder extension starts at midstance. TH0° in Ochotonaand 54° inGalea Ochotonahas both a
maximal dorsiflexion of the hand is reached at 65-70% ofeduced flexion at midstance and a reduced re-extension at the
stance duration. The second flexion of the shoulder joirgénd of the stance phase (Fig. 2B). Compared to the shoulder
coincides with the beginning of scapula protraction at the enjint, the net joint movement of the elbow joint is an extension
of the stance phase. The elbow flexion initiates protraction of almost all of the animals we sampled at all gaits (except for
the forearms while maximum plantarflexion of the wrist jointTupaiaat in-phase gaits). The mean touch-down angle of the
occurs only in the first half of swing phase. The shoulder joinglbow joint is usually smaller than the lift-off angle and ranges
is the first joint to extend during the swing phase; elbowfrom 71 °inDasyuroidedo 93 ° inGaleaat symmetrical gaits.
extension then follows at 50 % of the swing duration or laterAt in-phase gaits, the lowest mean touch-down angle was
An earlier extension of the elbow joint would counteract theneasured inMonodelphis In the other species, the mean
forward movement of the limb. This sequence of forelimb jointangles increase to as much as 106Priocavia Compared to
movements during one step cycle is observed regularly in athe shoulder and wrist joint, the mean touch-down angle of the
species and at all gaits. Differences occur only in the degredbow joint is more constant in all species and at all gaits.
of flexions and extensions, not in the intralimb coordinatiorHowever, the range of the mean lift-off angle is higher
associated with the onset of movements. (86—124° at symmetrical gaits, 89—127° at in-phase gaits).

In contrast to the amplitude of segment displacement, thEupaiashows the highest mean lift-off angles at symmetrical
amplitude of angular excursions in limb joints can be twice agaits (124 °), whereas the highest lift-off anglesPiocavia
high as the difference between the angles at touch-down a7 °) andGalea (125 °) occur at in-phase gaits. The lowest
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angle (86 °) was measured rasyuroides The coefficient of Galea, however behaves like the two latter ones. Despite
stance of the elbow joint usually is lower than the CSP of thbaving different touch-down and lift-off angles, the effective
shoulder joint; mean values fall below 0.5 Monodelphis  angular movement (about 40°) is comparable between all
DasyuroidesRattus TupaiaandMicrocebusin Ochotonaand  species, except fabchotona which is more than 10° lower
Procaviathe CSP is 0.55. Onlgaleashows a CSP of more (Table 3B,C). The mean amplitude of the ‘pelvic movement’
than 0.6 at in-phase gaits. during the stance phase is also loweg@mnotonaand highest

The range of the mean CSP of the wrist joint is similar tan Procavia
that of the elbow joint (Table 2A,B). The coefficient of stance At symmetrical gaits, two additional ‘pelvic movements’
in most species is below 0.5 at symmetrical gaits (0.25-0.4%ccur. The first, a rotation about the dorsoventral axis, is
Procavia 0.59), but it augments up to 0.36-0.65 at in-phaseaused by lateral additive intervertebral joint movements
gaits. The mean touch-down angle of the wrist joint range§lateral bending’; Jenkins and Camazine, 1977). The second
between 168-205 ° at symmetrical gaits, but all species excejgta rotation about the longitudinal axis (‘tilting’; Jenkins and
for Procavia (175°) show a dorsiflexion of the wrist joint Camazine, 1977). Because of the angle’s projection into the
(183-202°) at in-phase gaifrocaviadeviates from the other sagittal plane, estimates of lateral bending and tilting are
species in our study by strongly reduced wrist joint excursiondifficult and were not attempted here. Sagittal spine
during the stance phase at all gaits (Fig. 2A,B). The hand imovements result in a low mean EAD of 3° and a mean
always displaced in line with the forearm owing to anamplitude of 12° for all species at symmetrical gaits. The
anatomical restriction in the wrist joint (Fischer, 1998). Thepelvis is held virtually stable during locomotion (Fig. 3A).
wrist joint of the other species is extended most during the lagtelvic position is inclined the most Rrocavia(51 ° at touch-
third of the stance phase, when the hand passes underneathdben and 47 ° at lift-off) and more horizontal Tupaiaand
elbow joint. The amount of extension is much higher aGalea(19°to 16°, and 22°to 19°). Mean pelvic angles of all
symmetrical gaits (210-250°). Amplitudes of wrist joint other species are in the order of 35 ° at touch-down and 32 ° at
excursion during the stance phase decreases during in-phdifeoff.
gaits. Monodelphisis the only species that extends the wrist .
joint to a similar degree (250 °). The mean lift-off angle varies Hindlimb
between 154 “{upaig and 215 ° Klicrocebu$ at symmetrical ~Kinematics of hindlimb segments

gaits and between 149T(paig and 227 ° lonodelphi} at As in the forelimb, retraction of all hindlimb segments starts
in-phase gaits. before touch-down in the last third of the swing phase at
_ symmetrical and in-phase gaits. In particular ‘pelvic retraction’

Spine movements at in-phase gaits also starts at the beginning of the stance phase

Sagittal spine movements are the result of additive flexionand continues until the first quarter of the swing phase in
and extensions between adjacent intervertebral joints in theailing and leading limbs of all species (but only the leading
lumbar vertebral column (Fischer, 1994; Fischer and Lehmantimb of Procavig. Femoral retraction at symmetrical gaits
1998) or in the posterior thoracic and the lumbar vertebragnds after 95 % of the stance duratibticfocebu$, at lift-off
column (Schilling and Fischer, 1999). Previous reports of §Tupaig Rattus Procavig or during the first 10 % of the swing
limited region of flexion and extension between Th1ll and Lbhase fonodelphis Dasyuroide} (Fig. 3A). At in-phase
in Tupaia (Jenkins, 1974a) have been validated only forgaits, femoral retraction is finished at lift-off or during the first
exploratory walks (Schilling and Fischer, 1999). The additivel5% of the swing phase in trailing and leading limbs of all
effects of these movements lead to a displacement of the pelvépecies. Only irDchotona does retraction of the thigh start
and are called ‘pelvic movements’ in this study. Mobility before lift-off. In all species, protraction of the lower leg begins
within the iliosacral joint was not observed. Cranial and caudaluring the first 35% of the swing phase in both trailing and
‘pelvic’ displacements are pronounced at in-phase gaitieading limbs; irProcavig however, it begins in the late stance
(Fig. 3B,C), in which the spine proves to be an importanphase. At symmetrical gaits, lower leg retraction ends between
locomotory organ. Maximum cranial displacement is reache@0—40 % of the swing phase in all species. Although retraction
late during the swing phase and the subsequent caudalthe foot comes to an end in the first third of the swing phase
displacement continues until lift-off or even into the followingin trailing and leading limbs of most species, but ends at the
swing phase. Mean touch-down angles are particular high iift-off in Procaviaand in the late stance phase in the trailing
tail-less species, showing a nearly vertical pelvic position (e.dimb of Ochotona Foot protraction starts in the first third of
Procavig Ochotond. These angles are lower in the tailed swing phase in all species at symmetrical gaits.
animals (e.gMonodelphis Tupaig. At lift-off, the pelvis of Protraction and retraction of the hindlimb is executed
tailed species is almost horizontal whereas in tail-less animatsainly by femoral displacements at symmetrical gaits but by
the pelvis is more inclined. So, tail-less species start at a mosagittal spine movements at in-phase gaits. At touch-down,
inclined position at the end of stance and reach an almosie thigh is in an almost horizontal position in all species and
vertical position at the end of the swing, whereas species witlt all gaits (7 ° at symmetrical gaits, —2 ° in trailing limb and
rather long tails approach a horizontal position at lift-off but-6 ° in leading limb at in-phase gaits). In species for which
start much less inclined at stance (Fig. 4). The tail-less speciese have data for symmetrical and in-phase gaits, mean touch-
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Fig. 3. Mean values of hindlimb segment angular excursions of typical sequences at symmetrical (A) and for trailing (Bhaui@ ) diatbs
at in-phase gaits (see Fig. 2).

down angles at in-phase gaits decrease to positions inclineetraction that follows ends with the maximum angle at lift-
above the horizontal. Fig. 4 illustrates the highly uniformoff or in the first part of the swing phase. Mean amplitudes
thigh position that occurs, particularly at in-phase gaits. Irof femoral displacement increase from symmetrical to in-
comparison to touch-down, mean lift-off angles are morghase gaits in all species (exc8pipaig and are higher in
variable ranging from 51° irDasyuroidesand 125° in the leading limbs than in the trailing limbs at in-phase gaits.
Tupaiaat symmetrical gaits, as well as 47° and 101° in théThe same mean amplitudes of both hindlimbs were only
trailing limb and 52° and 109° in the leading limb of observed inMonodelphisat in-phase gaits, because animals
Ochotona and Tupaia at in-phase gaits. The femoral performed half-bound gaits.
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At symmetrical gaits, the lower leg is in almost vertical at(Table 3B,C). The lower leg is retracted during the stance
touch-down in Microcebus Procavia Monodelphis and  phase and reaches a horizontal orientation at lift-off (mean 1°
Rattus but more caudally inclined ibasyuroidesTupaiaand  at symmetrical gaits, 3° in trailing and 7° in leading limbs at
Galea(Fig. 4). From symmetrical gaits to in-phase gaits, meam-phase gaits). In some species, the minimum angle of the
touch-down angles increase in all species. At in-phase gaitsj@wer leg is observed during the stance phase and afterwards
nearly vertical position of the lower leg is realised inthe angle increases until lift-off by retraction of the foot at the
Monodelphis Dasyuroidesand Ochotona Differences in this end of stance. This biphasic motion of the shank (i.e. with two
touch-down position were measured Galea and Tupaia  minima during one step cycle) is most pronouncetupaia
(which show a more posteriorly inclined lower leg) and inat all gaits (Fig. 3A—C). Lower leg retraction reaches its
Procavia(in which the lower leg is more anteriorly directed in maximum during the swing phase in all species at symmetrical
both trailing and leading limbs). In general, mean touch-dowgaits and in most species at in-phase gaits. Mean amplitudes
angles are comparable between trailing and leading limbare higher in all species at in-phase gaits than at symmetrical



1330 M. S. Fischer and others

C Hindlimb, in-phaseg leading limb
Lift-off
907 pelvis
80+
701 — Monodelphis domestica
60 — Dasyuroidesbymei
28 - — Ochotonarufescens
30- — Procavia capensis
20+ — Galea nusteloides
10+ Tupaiadlis
g ' ' ' ' ' Lift-off
1201 Thigh 1207 Hip joint i
100+ 1101
801 1001
601 gg:
‘218' 701
P 601
§ 01 ™ - 50
5 —201 401
T 40 - - - : . 30
2 1201 Lower imb 1207 Kneejoint
€ 100- 110+
< ool 100/
601 Zg'
401 701
20+ — 604
01 50-
-20 40
40 - T T T ] 30 T v T T 1
1401 Foot - 1407 Ankle joint :
S it
100+ 110-
80+ 1004
60- 90-
40 80+
704
20 604
0 50
—20+ T T r T 40 T r r . .
20 40 60 80 100 0 20 40 60 80 100
Step duration (%) Step duration (%)

gaits, but are comparablelonodelphis Mean amplitudes of leading limbs QchotonaandProcavig at in-phase gaits. Foot
trailing and leading limbs are nearly the same in all species.retraction is more restricted at in-phase gaits than at
The foot is in matched motion with the thigh, seen insymmetrical gaits in all species (excépasyuroidey After
particular during the stance phase at all gaits (Fig. 3A—CYyeaching its maximum retraction, the foot is protracted during
Mean touch-down angles of all species occur over a smathe swing phase and the following retraction starts just before
range of 4-19° at all gaits. As the foot is brought down, it ithe next touch-down. Mean amplitudes of all species are
in a semidigitigrad position in all species, with the most erectetighest at symmetrical gaits (104 °), slightly lower in the
foot seen irProcavia The foot is in retraction and crosses itsleading limb (101 °), and lowest in the trailing limb at in-phase
vertical position in all species during the stance phase at ajhits (99 °).
gaits. Mean lift-off angle is variable at different gaits, ranging
between 92° and 138°Désyuroides and Tupaig at Contribution of hindlimb segment movements to step length
symmetrical gaits, 78-121° in trailing limbs and 81-126° in Whereas the femur is the most propulsive segment at
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Fig. 4. Mean joint angles at touch-down and lift-off, illustrated as schematic fore- and hindlimb configurations considepraptntions of
all species under study (see Table 4) at symmetrical and in-phase gaits. Note the high uniform limb position at touchttoagt io twat at
lift-off and the more variable lift-off configuration of hindlimbs in comparison to forelimbs.

symmetrical gaits with a mean contribution of 76 % to stegoot contributes more to step length (18 % at symmetrical gaits
length in all species, ‘pelvic movements’ contribute to half ofand about 12% at in-phase gaits) than the shank (3% at
the step length at in-phase gaits (Table 3A-C). At symmetricalymmetrical gaits, 9% in trailing and 4% in leading limb at
gaits, the contribution of ‘pelvic movements’ is in the samen-phase gaits). The reverse case, in which the contribution of
low order as amplitudes for all species ranging between —3 &hank movements exceeds the contribution of foot movements
and 7%. The highest value was foundMitrocebus(10%). was found only fotOchotonaand Procaviaat in-phase gaits

At in-phase gaits, the contribution of ‘pelvic movement’ to stepand forProcaviaand Rattusat symmetrical gaits.

length is similar in all species because the same effective

angular displacement of the pelvis occurs in species with artinematics of hindlimb joints

without tails. Values are also comparable for trailing and In general, flexion and extension of all hindlimb joints are
leading limbs in most species. The only differences observadore pronounced during symmetrical gaits than during in-
were inGaleaandOchotonawhere the contribution of ‘pelvic phase gaits (Fig. 3A—C). Comparisons of the limb joint
movements’ to trailing limbs is higher than to the leading limbsehaviour of all species at in-phase gaits poif@¢hotonaas

in Galeaand the reverse is true f@chotona(Table 3B,C). the species with the most restricted angular excursions and to
Displacement of the thigh at in-phase gaits contributes to abotitipaiaas the species with most extensive angular excursions.
one third of the step length, but these data are highly variabke biphasic angular movement, including one flexion and one
between different species. The lowest values for contributioaxtension per each stance and each swing phase, was found for
of thigh displacement to body forward movement were foundnee and ankle joints in all species at all gaits. In contrast, hip
in Ochotona(which also showed the lowest EAD) with only joints show a monophasic behaviour at symmetrical and in-
8% in the trailing and 10 % in the leading limbs. The highesphase gaits, meaning that extension enters into a short plateau
values of EAD, which resulted in higher contributions to stemuring the first 20% of stance at in-phase gaits (with the
length, were observed ifiupaia (46 % in trailing limbs and exception ofTupaig. At symmetrical gaits, the extension of
53 % in leading limbs). Comparable values were calculated fahe hip joint starts shortly before touch-down (80-95% of
more distal segments for hindlimbs at symmetrical gaits anduration of the previous step cycle). There, it lasts until 90 %
for trailing and leading limbs at in-phase gaits. In general, thef the stance phase Microcebusand Tupaig until 10% of
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the swing phase iMonodelphisand until lift-off in all other  symmetrical gaits and the lowest in the trailing limb of
species. At in-phase gaits, extension reaches its maximu@®chotonaat in-phase gaits (26 °).

beforelift-off of the trailing limb of Procaviaand Ochotona

atlift-off in Dasyuroidesand aftedift-off in all other species.

Maximum angular extension of the hip joint in leading limbs _ _Discgssion
occurs after lift-off in all species, but ends at lift-off in Limb configuration at touch-down
Ochotona The uniform forelimb configuration at touch-down is

The knee flexes before touch-down in all species at all gaitsharacterised by a highly consistent scapular orientation at
and reaches its maximum flexion at mid-stance when the foapproximately the same angle at all gaits (in all species 41+5°
passes underneath the hip joint. Knee joint extension, howevet, symmetrical gaits, 47+4° at in-phase, meams.x). At
starts at different times at the end of stance. Knee joirtbuch-down the relative height of the scapular pivot is equal
extension ends independently from gaits in only two speciesturing symmetrical gaits but spreads more widely at in-phase
at lift-off in Dasyuroidesand after lift-off in Monodelphis  gaits. This reflects different elevations of the trunk. In addition,
Knee joint flexion at symmetrical gaits starts before lift-off inthe forearm (which is in matched motion with the scapula), has
Rattusand Microcebusand at lift-off in Tupaig Galeg and a rather low range of touch-down angles. The elbow joint
Procavia At in-phase gaits, extension ends at lift-off in trailing approximates a rectangular configuration at symmetrical gaits
and leading limbs ofsaleaand after lift-off in Tupaiaand (86+8°), but is more extended at in-phase gaits (94+10°). The
Procavia In Ochotona knee joint flexion starts earlier in wider range of the shoulder joint and the humeral position (
trailing than in leading limbs. of both 14-17°) is mainly due to the stronger extension in

The stance phase extension of the ankle joint continues inlupaiaand Microcebus and stronger flexion iDasyuroides
the subsequent swing phase in all species at symmetrical gait@gether with the relatively longer forearm, which contributes
In most of the species, no major changes in timing wer& the overall limb length (Table 4), this leads to the most
observed during the change from symmetrical to in-phasanterior touch-down position ifTupaia and Microcebus
gaits. InOchotonain which only in-phase gaits were analysed,(Fig. 4). The touch-down position Bfasyuroidess within the
flexion starts before lift-off in trailing and in leading limbs. range of the other mammals despite the stronger shoulder joint

The highest CSP has the hip joint in all species indicating fiexion. Within each species, the touch-down point is at a
high degree of horizontal versus vertical action (Table 3A-C)constant distance from the perpendicular of the scapular pivot,
Values within species are higher at symmetrical gaits than @ist below the eye. Increases in step length are due to a more
in-phase gaits. With a mean touch-down angle of 40° in afbosterior transition of the lift-off point.
species, the hip joint is flexed more at symmetrical gaits than Observations on forelimb movement of the walking
at in-phase gaits (56° in trailing and 50° in leading limbs)Didelphis marsupialigJenkins and Weijs, 1979) correspond
Whereas hip joint angles at touch-down are similar in trailindo those of our small mammals. Didelphis scapular angle at
and leading limbs ofMonodelphisand Dasyuroidesthey are  touch-down ranges between 40-50° and the humerus is
higher in the trailing than in the leading limbs in all otheroriented almost vertically. Shoulder and elbow joints are
species. extended approximately 130° and 110°. The touch-down

The range of mean touch-down angles for all species at iposition of the forelimb irCavia porcellugRocha Barbosa et
phase gaits is twice that of symmetrical gaits, but is higher at., 1996) is very similar to that of its near relativaleaat all
symmetrical gaits than at in-phase gaits for mean lift-off higaits. In the case of exploratory walkingRattus norvegicus
joint angle. The lowest mean value of the hip joint at lift-off (Jenkins, 1974b), overall forelimb excursions are reduced and
was found inDasyuroideg73—-80°) and the highest value in the point of touch-down lies slightly ahead of a point directly
Tupaia(110-141°) at all gaits. Meangs.; lift-off angles of  beneath the shoulder joint. In this case scapular touch-down
all species under study are 111+21° at symmetrical gaitgngle is higher (50—60 °) and humeral angle is smaller (45°) in
96+11° in the trailing limb and 100+11° in the leading limb exploratory walking compared to moderate walking. Limb
at in-phase gaits. At lift-off, the hip joint of the leading limb kinematics were documented cineradiographically for a series
is extended more than that of the trailing limiDiasyuroides  of small mammals by Jenkins (1971). Differences in humeral
GaleaandProcaviaand is nearly the same in both hindlimbstouch-down angles and positions of touch-down points
in the other species. Mean lift-off angle decreases with thbetween the species studied by Jenkins and our sample of small
change from symmetrical to in-phase gaits in most species, botammals are probably caused by the slow speed of the
is comparable between both gaitsRmocaviaand lower at  exploratory walk investigated by Jenkins.
symmetrical than at in-phase gaitsDasyuroides Owing to In Felis catud. domestica, the forelimb is more extended at
the higher values at touch-down and lower values at lift-off fotouch-down than in our animals. Whereas the scapular angle
in-phase gaits compared to symmetrical gaits, EAD is reducadeasured in cineradiographic studies is the same as in our
at in-phase gaits. Mean maximum angular movement amoungpecies (40-46 °; Boczek-Funcke et al., 1996), shoulder and
to 75 ° at symmetrical gaits, to 45 ° in trailing limbs and to 54 elbow joint angles are about 30 ° higher. Scapular touch-down
in leading limbs at in-phase gaits in all species. The highesingles obtained irfrelis (using externally applied markers)
overall amplitudes were observed ihupaia (110°) at amountto 40-50° (Miller and Van der Meché¢, 1975; English,
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Fig. 5. Schemes of limb configurations at touch-down and lift-off in 14 species at symmetrical (grey) and in-phase gait&ilgtback).
proportions are set into the same ratios to emphasize the overall kinematic pattern.

1978; Halbertsma, 1983). In primates, forelimb posture ancreasing body size in arboreal-quadrupedal primates the
touch-down is characterised by an increasing amount dbrelimb protraction augments (Schmidt and Voges, 2001).
extension in the shoulder and elbow joints, which together witlCineradiographic studies of shoulder movements in primates
proportional changes between forelimb segments, results initadicate that the amount of scapular rotation is reduced in
cranial displacement of the touch-down point (Jouffroy et al.larger species by both a higher touch-down angle (57° in
1983; Larson et al., 2000; Schmidt and Fischer, 2000). Witlercopithecus aethiop§Vhitehead and Larson, 1994; 49° in
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Eulemur fulvus Schmidt and Fischer, 2000) and a lower lift- protracted at an angle of 30 ° below the horizontal lirfeeilis,
off angle. OnlyCapra hircus the domestic goat, deviates Vulpes fulvgthe fox) andProcyon lotor(the racoon) at touch-
clearly from other mammals in having a more extended limbdown. The highest mean touch-down angle of the thigh (51°)
with shoulder joint angles of more than 135° and elbow joints given forMephitisby Van de Graaff et al. (1982). The more
angles of 120° (Lilje and Fischer, 2001). Scapular retractionetracted thigh inFelis (Kuhtz-Buschbeck et al., 1994) and
starts at an angle of 61° i@apra and 56° inTragulus  Mephitisreflects a more extended limb with higher extension
javanicus(the mouse deer; unpublished data) (Fig. 5). of both hip joint (65° and 97 °, respectively, in comparison to
Whereas the forelimbs show no fundamental geometricadur sample mean 43 °) and knee joint (120 ° and 154—73°). The
differences between symmetrical gaits and in-phase gaits, ankle joint angles are also more extended, being approximately
that three segments are always displaced, hindlimb protracti@®® ° in Felis (Kuhtz-Buschbeck et al., 1994) and 60° in
is also executed by three hindlimb segments at symmetricMephitis(Van de Graaff et al., 1982).
gaits. At in-phase gaits, intervertebral lower spine movements
(causing a sagittal ‘pelvic displacement’) act functionally as an Limb configuration at lift-off
additional fourth segment. Despite this, femoral position is Limb configuration of the forelimb at lift-off consists of a
comparable at all gaits being almost horizontal at touch-dowwertically placed scapula (in all species 92+7 ° at symmetrical
(in all species = 7+10° at symmetrical gaits, —2+5° in trailinggaits, 87+9° at in-phase; means sp.) and a nearly
limbs and —6+5° in leading limbs at in-phase gaits; means torizontally placed humerus, especially at in-phase gaits
s.D.). This position is achieved by hip joint movement at(—13+7° respectively —2+9°). The scapula initiates lift-off
symmetrical gaits, but is mainly passively induced by sagittalRoberts, 1974), more or less waiting the last 20 % of the stance
spine flexion (and to a lesser degree to hip joint flexion) at inphase for the other joints to take off. The actual lifting off is
phase gaits. As occurs in the forelimb, the distal segment is taused by a strong flexion in the elbow. It is interesting to note
matched motion with the femur. The foot is in the samehat elbow extension decreases with increasing speed at walk
position 6.0. <5°) 12° at symmetrical gaits, 10° in trailing and slow trot but increases with increasing speed at in-phase
limbs and 9 ° in leading limbs at in-phase gaits. At symmetricafjaits (Fischer, 1998; Fischer and Lehmann, 1998; Schilling
gaits, hip joints of all species have relatively similar positionsand Fischer, 1999; Schmidt and Fischer, 2000).
at touch-down, indicated by a relative low value 5. The mean (&p.) lift-off angle of the pelvis (30+11°)
(4045 °). The knee joint, however, shows a little more variatiocompared to that at touch-down (33111 °) indicates that only
(75£12°) and the ankle joint is the most variable (80+20 °)minor ‘pelvic movements’ occur at symmetrical gaits. Lower
Standard deviations increase in hip joints (56£12° in trailingnean values for pelvic lift-off position, in the leading
limbs and 50+10° in leading limbs) whereas they are nearlgompared to trailing limbs, is caused by the ongoing sagittal
constant, or decrease, in knee joints (77+11° resp. 756 °) amctension during stance (18+18%ersus 21+18°). In
ankle joints (89+16 ° resp. 87+14°) at in-phase gaits. comparison to limb configuration at touch-down, hindlimb
Quantitative data on sagittal pelvic displacement argosition at lift-off is more variable among all species,
available forCavia at trot and gallop (Rocha Barbosa et al.,especially in the knee joint, caused by differences in retraction
1996). Its touch-down angle of 28° is similarGaleaand the  excursions of the thigh. Knee joint and thigh lift-off position
two metatherians at symmetrical gaits. The high value of 704re more variable between all species at symmetrical gaits
at gallop corresponds to the data of tailless species in o(83+27°, 81+26 °) than in trailing limbs (78+23 °, 75+23 °) and
sample. Gasc (1993) described hindlimb kinematics in thkeading limbs (87+£17°, 82+22°) at in-phase gaits. Hindlimb
tailed rodentMeriones shawiat gallop. Although pelvic configuration at lift-off is marked by a horizontal positioning
displacement was not quantified, angles at touch-down and lifof the shank at all gaits (in all species = 1+11 ° at symmetrical
off can be estimated from a stick-figure drawing. Touch-dowmaits, 3£16 ° in trailing limbs and 7+14 ° in leading limbs at in-
angles inMerionesare approximately 34 ° for trailing linbs and phase gaits; meanssip.).
32° for leading limbs and are always smaller than values The pelvis inMephitisis in a more inclined position at
measured in our tailed species. The pelvis touch-down angteuch-down and at lift-off at symmetrical gaits (38°; Van de
of the walkingMephitis mephitisvas also estimated from a Graaff et al., 1982) indicating a more inclined position in
stick-figure drawing (45 °; Van de Graaff et al., 1982) and liegieneral in comparison to data presented here (30 °). Effective
in the range of our observations. angular movement of the pelvis is a little bit higheCiawia
Descriptions of hindlimb movements are available for a12°; Rocha Barbosa et al., 1996) tharGialea (3 °), but the
series of small to medium sized mammals. The touch-dowamplitude (10°) is comparable. The more extended limb
position of the thigh inDidelphis Tupaia Mustela putoris configuration inFelisandMephitisat symmetrical gaits is also
(ferret), Mesocricetus auratughamster) Heterohyrax brucei represented in lift-off positions of hindlimb joints. At mean
(hyrax), andRattusis more or less horizontal (Jenkins, 1971),lift-off angles in hip and knee joints of 130 ° kelis (Kuhtz-
and corresponds to angles reported here. The same is true Burschbeck et al., 1994) and of 163 ° and 149 °, respectively, in
the Cavia (Rocha Barbosa et al., 1996) and for both trailingMephitis (Van de Graaff et al., 1982), all of these values are
and leading limbs in the gallopinderiones(Gasc, 1993). As clearly higher than those of the species we studied (111°, 83°).
observed by Jenkins and Camazine (1977), the thigh &nkle joint angles at lift-off augment with increasing speed in
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Felis (113-146°; Kuhtz-Buschbeck et al.,, 1994) and areaunderestimated in trottingelis (58 °; Sontag and Cremer,
comparable at lower speeds (0.33-1.19T % the mean 1978), most probably due to the external registration
angle we observed (115°). In comparison, the ankle joint ieechniques of English’s study.
more flexed at lift-off inMephitis(i.e. 84 ° at 0.28 nr3; Van Published data on shoulder joint amplitudes are in
de Graaff et al., 1982). accordance with our observations. While maximum amplitudes
At in-phase gaits, femoral retraction of the trailing limb induring stance are relatively low iRelis (24—28°; Boczek-
the species studied here (47-109 °) range between values feuncke et al., 1996), observations idelphis (35-45°;
Meriones(60 °; Gasc, 1993) andavia (90 °; Rocha Barbosa Jenkins and Weijs, 1979) a@hvia (46 ° at symmetrical and
et al., 1996). Values faBalea(mean 86 °) investigated here 35° at in-phase gaits; Rocha Barbosa et al., 1996) are close to
are comparable to those f@avia (90 °; Rocha Barbosa et ours. The amplitudes of elbow joint excursions during the
al., 1996) indicating a nearly vertical position. Overall, thestance phase iRelis (41 °), Didelphis(40 °) andCavia (42 °)
more inclined pelvic position irCavia at in-phase gaits at symmetrical gaits, lie within the same small range as in the
(Rocha Barbosa et al., 1996), indicates that pelvic positioningpecies analysed in this study. The digitigFadis resembles
is similar to other tailless species studied here, ex@afga  the digitigradProcaviain overall behaviour of the wrist joint
However, amplitudes and effective angular movements argaliebe et al., 1991; Miller and Van der Meché, 1975)
comparable between both caviids. As in our tailed speciemyasmuch as amplitudes are relatively low, especially with
the pelvis is also oriented very near to the horizontal at liftincreasing speed and dorsiflexion is restricted.
off in Meriones(6° for trailing and 9° for leading limbs; Amplitudes of ‘pelvic movements’ are highly comparable
Gasc, 1993). The hip joint in the trailing limb is flexed mostbetween all species under study indicated by low standard
at lift-off in Meriones(65 °, Gasc; 1993), extended a little bit deviations at symmetrical (3°) and at in-phase gaits (8° in
more in the species included in our study (mean 96 °, rangeailing and 5° in leading limbs). The mean amplitude of
93-112 °) and extended most@avia (115 °; Rocha Barbosa ‘pelvic movements’ for all species in the current study is 12°
et al., 1996). As in the hip joint, the knee joint is also flexedt symmetrical gaits, the same as reportedCiavia (Rocha
more in Meriones (51°; Gasc, 1993) than in our speciesBarbosa et al., 1996). At in-phase gaits, the mean amplitudes
(59-119°) or inCavia (100 °; Rocha Barbosa et al., 1996). of ‘pelvic movements’ range between 27 ° and 49 ° in trailing
As far as the ankle joint is concerned, values for bothimbs and between 31° and 46° in leading limbs. The value
Meriones (119°; Gasc, 1993) ancavia (107°; Rocha for the trailing limb inCaviais within the range given here
Barbosa et al., 1996) are well within the range of value$48°; Rocha Barbosa et al., 1996) and is only a little bit higher

reported here (91° to 125°). than the mean value observed @Galea(44 °). The amplitude
_ _ of thigh movements in the species studied here (during the
Amplitudes during stance phase stance phase at symmetrical gaits) ranges between 51°

Differences between symmetrical and in-phase gait§Dasyuroide¥ and 84 ° Monodelphi¥ in most species and is
observed in all joints, point to more elevated limbs in the lattehigher only inTupaia (110 °). Values given by Jenkins and
gaits (Fig. 5, Tables 2A,B, 3A-C). As the extended position i€amazine (1977) fovulpes MephitisandFelis (63 °, 72 ° and
held throughout the stance and flexion reduced, especially @ ° respectively) are in-between the range we observed. For
midstance, all amplitudes of limb joints decrease during th@-phase gaits, data for femoral amplitudes at stance phase are
transition from symmetrical to in-phase gaits in all species wenly available for the trailing limb irCavia (48°; Rocha
studied. Barbosa et al., 1996) and for the leading limbMariones

Scapular amplitudes range between 428qyuroideyand (70°; Gasc, 1993). These values are comparable to those
60° (Galea and Rattug during the stance phase at reported here, which range between 50eHotona and 98°
symmetrical gaits. These amplitudes are reduced at in-pha@donodelphi3 in the trailing limbs and between 61°
gaits, ranging from 37 ° to 48°. Previously published valuegOchotong and 109 ° Tupaig in the leading limbs. Whereas
on scapular rotation in walkindRattus collected from mean hip joint and knee joint amplitudes are comparable to
cineradiography are lower than those measured here leach other at in-phase gaits (45° and 43° in trailing limbs and
approximately 15° (Jenkins, 1974b, but see our earlieb4°®° and 44° in leading limbs), hip joint amplitude in the
remarks on slow exploratory walk). Didelphis scapular current study is twice as high as knee joint amplitude at
rotation amounts to 40° at a slow walk or to 50° at a fassymmetrical gaits (75° and 38° respectively). Hip and knee
walk (Jenkins and Weijs, 1979). The amplitudes of scapulgpint amplitudes are clearly different at all gaitaviabeing
rotation inCaviadeviate from those of our species by having63° and 25° at trot and 63 ° and 35 ° in the trailing limb at in-
higher values at both symmetrical (trot: 62°) and in-phasphase gaits (Rocha Barbosa et al., 1996). A remarkable
gaits (gallop: 70°), caused mainly by an extraordinary higlidecrease in the mean amplitude occurs in the ankle joint of
angle at lift-off (107-115°). Scapular amplitudes rangeCaviaduring the change from symmetrical (80 °) to in-phase
from 38° (walk) to 42° (trot and gallop) iRelis (English,  gaits (17 ° in trailing limb) (Rocha Barbosa et al., 1996). The
1978b). Whereas the values for the walkiRglis have  mean amplitude of the trailing limb @aviafalls short of the
been confirmed by a later cineradiographic study (40°ange observed here (35° iOchotona and 74° in
see Boczek-Funcke et al., 1996), scapular rotation iMonodelphi}, but the value for ankle joint amplitude at
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symmetrical gaits is in between the range we found (36 ° icontribution does not consider translation of the scapula along
Microcebusand 88 ° inTupaid. the thoracic wall known from the aclaviculgelis (Boczek-

To summarize, kinematics accompanying the transitiofruncke et al., 1996) arférocavia(Fischer, 1998). The more
from symmetrical to in-phase gaits offer no uniform pattern asxtended limbs observed in most species at in-phase gaits lead
implied by earlier studies, which discussed reduced jointo a more elevated position of the body and thus a higher
amplitudes at in-phase gaits compared to symmetrical gaitscapular or elbow pivot. So the same or even higher
Studies of the majority of limb joints iRrocavia (Fischer, contribution to step length can be achieved by lower effective
1994) or of the shoulder joint i@avia (Rocha Barbosa et al., angular movements (EADS).

1996) suggested that angular movements at in-phase gaits werd\s in the forelimb, analysis of the contribution of segment’s
reduced, but there is no species-independent, single pattern thadvement to step length, point to the most proximal element
accompanies the transition from symmetrical to in-phase gaitas the most propulsive segment in the hindlimb. Because of the
In the case of scapular movements and hip joint anguldundamental change in hindlimb motion between symmetrical
movements, amplitudes decreased in all of our species at iand in-phase gaits, resulting in a different number of acting
phase gaits. InCavia however, scapular displacementssegments, distinct changes in the contributions of individual
increased and hip joint angular movements remained constamndlimb segments occur. At symmetrical gaits, femoral
(Rocha Barbosa et al., 1996). Whereas amplitudes decregs®traction and retraction contribute three-quarters to step
during the change from symmetrical to in-phase gaits in thiength and the remainder is mainly contributed by foot and
shoulder joints ofProcavig Monodelphis andCavia (Rocha shank movements. ‘Pelvic movements’ contribute only to a
Barbosa et al., 1996), they increaseGalea and remain lesser degree. In contrast to this, the main part of body
constant inDasyuroidesand Tupaia Elbow joint excursions propulsion — half the step length — is contributed by additive
increase at in-phase gaits Monodelphisand Galea and  sagittal spine movements at in-phase gaits. Despite the
decrease in all other species. Wrist joint angular movementifferences in touch-down and lift-off positions of the pelvis
are more pronounced at symmetrical gaits than at in-phage tailed and tailless species, their contribution of ‘pelvic
gaits inMonodelphisDasyuroidesand Tupaia The reverse is movements’ is comparable, owing to similar effective angular
true for Procavia Galeg and Cavia (Rocha Barbosa et al., movements. One third of step length is added by thigh
1996). In the hindlimb, knee joint amplitudes decrease at irmovement at in-phase gaits and the rest is shared by foot and
phase gaits only ifupaiaand increase in all other species, shank movements.

including Cavia(Rocha Barbosa et al., 1996), but are constant

in Galea Ankle joint amplitudes at in-phase gaits are only one Final conclusion

quarter as high as at symmetrical gaitsGavia (Rocha The comparison of kinematic data of different therian
Barbosa et al., 1996). Although not as dramatic &Sawnia, ~ mammals suggests that therian mammals with small body sizes
decreases are also observed for ankle joint amplitudgaléa  (90-2500g) display the same overall behaviour of limb
andTupaig while increases were observed in all of the speciedisplacement during locomotion. To test this hypothesis, we

we studied. included Procavia in our analysis, which descends most
o probably from larger cursorial ancestors and is secondarily
Contribution of segments to step length dwarfed (Thenius, 1979; Fischer, 1986, 199Zagulus the

The ‘overlay method’ approach (Fischer and Lehmannsmallest ruminant, also supports the hypothesis that mainly
1998) that we used to calculate the contribution obody size constraints the kinematic pattern (Fig. 5).
displacements of different segments to step length, explicitly In general, kinematics of small therian mammals are
considers the vertical displacement of pivots during stance. Asbviously independent of their systematic position (at least in
this is the first study that compares the segment’s contributicspecies selected here), of their natural habitat (when we accept
to step length, no other data outside our working group arhat kinematics on the treadmill parallels unrestrained
available for comparison. Calculations indicate thekinematics), and also of specific anatomical dispositions.
predominance of scapular retraction in forelimb movementQbviously, characters such as finger or toe reduction, fusion of
while the contribution of humeral displacement to step lengtlzygpopodial elements, reduction of the clavicle, carpal or tarsal
is always less than half of the scapular value. The contributiospecializations, and even extreme elongation of metapodials in
of the forearms only exceeds the value of the upper arm ifiragulusdo not affect the overall kinematic pattern of therians.
species in which the forearm is extensively retracted, such asThe consequences of gait change from symmetrical to in-
Tupaiaat symmetrical gaits dBaleaat in-phase gaits. Hand phase gaits are strikingly different on forelimb and hindlimb.
movements contribute to step length in most species wittWhereas only timing changes on the forelimb (kinematics
approximately 5% and never more than 10 %. remain the samel!), hindlimb kinematics change significantly.

Despite the different limb configuration of artiodactyls andin small therian mammals, in-phase gaits are marked by an
the lowest amplitudes of scapular rotation observed, thextensive sagittal bending of the lumbar spine as has been
contribution to step length of the most proximal segment is thehown by cineradiography. Small intervertebral movements
highest (73 %) in the goat, simply because of the high scapuladd up and pelvic retro- and protraction is their obvious effect
pivot (Lilje and Fischer, 2001). Our calculations of the scapulatFischer, 1994; Rocha Barbosa et al., 1996; Schilling and
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Fischer, 1999). Sagittal spine movements contribute roughlgropulsive movement of the body is mainly achieved by the
one half to the total propulsive movement during stance at inmost proximal acting limb segments (scapula and femur at
phase gaits. The occurrence or absence of a long tail influencgsnmetrical gaits, scapula and sagittal spine movements at in-
the pelvic position at touch-down and lift-off but not the totalphase gaits) while all further distal limb joints contribute only
displacement. The pelvic course of movement starts from @ a lesser degree to step length.
nearly vertical position in tailless species and at a more
caudally inclined position in tailed species. It ends at a X-ray films were taken at the IWF Knowledge and Media
horizontal position in tailed species at lift-off and a moregGmbH at Goéttingen. We are grateful to Dr Michael M.
inclined position in tailless species (Fig. 4). We have problem&itinther (Liverpool) for many inspiring discussions and
interpreting the graph of the taille&alea since it behaves critical comments on the manuscript. All other members
more like a tailed species. For example, observatiol@aeia  of the Jena ‘Locomotion group’ helped with their
(Rocha Barbosa et al., 1996), a sister taxodBalég show the  enthusiasm, ideas and practical work. The study was
typical pelvic course of movements as in our tailless speciefunded by Deutsche Forschungsgemeinschaft (DFG)
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