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Abstract In spite of the ecological relevance of terrestrsearch on birds focused on flying, it can be argued that
al locomotion for many bird species, this function reerrestrial locomotion is an important ecological function
mains poorly studied to date. Gait preferences and trafigi- many birds and, thus, also merits study. Some bird
tions seem present, but it is not known which factospecies have lost the ability to fly (e.g. Struthioniformes)
might determine the running style. Morphological amat rarely use it (e.g. Galliformes), while many others
morphometric data needed for further biomechanicdend a great deal of their time on the ground, mainly to
modelling are presented for the black-billed magpie ( feed [e.g. scavenging, like corvids, and birds eating soil
ca picg, a species which walks, runs and hops. Detailetjanisms such as starlingarnus vulgarit].
descriptions of the muscle—tendon systems and the attike mammals, birds use different gaits: they walk,
tachment sites on the hindlimb skeleton are given. Pinnan and hop. However, a distinct relation between (rela-
tion angles, fibre lengths and muscle masses are deigee) velocity and gait transition as found in mammals
mined. From the latter two, physiological cross-sectiofs.g. Hoyt and Taylor 1981; Farley and Taylor 1991; Al-
of the muscle bundles are calculated. Tendon ossifiexander 1992; Hreljac 1993a, b, 1995a, b; Kram et al.
tions are qualitatively scored. Further, information on ti®97) and in some Archosauria and Lepidosauria (e.g.
mechanical variables of the body segments are colleatedcodiles: Webb and Gans 1982; Lacertids: own obser-
(i.e. mass, length, position of the centre of gravity amdtions) seems far from obvious. Some species only hop
moment of inertia of digits, tarsometatarsus, lower le@.g. Passer domesticuunkel 1962; Clark 1975; own
upper leg, body, and head/neck). Moment arms of thieservations) whereas others walk and run @tgrnus
important muscles powering terrestrial locomotion awellgaris Kunkel 1962; own observations) or walk and
discussed and, for some upper leg muscles, an equaliop (e.g.Corvus monedultaKunkel 1962; own observa-
to calculate the moment arms as a function of knee aiwhs), and still others use all three gaits (€iga pica
hip joint angles is presented. All these data are indidayes and Alexander 1983; own observations).
pensable for further kinesiological resea:ch. Our study seeks to understand which mechanical fac-
tors determine the choice of, and transition among gaits
in birds. As a first step, the magpiei¢a picg is chosen
A. Introduction as a model. These birds walk, run and hop, and are fairly
manageable for kinesiological experiments. Primary in-
Most of the studies dealing with terrestrial locomotioterest goes to the propulsion dynamics of straight for-
concentrate on mammals, including humans (e.g. Caward locomotion at constant speeds, as this will allow di-
gna et al. 1977; Winter 1990a, b; Alexander 1992; Bamct comparison and integration with former, important
nett 1992). The kinematics and dynamics of terrestra{perimental and theoretical work on terrestrial locomo-
locomotion of birds have been studied in a quantitatition (Alexander 1974, 1976, 1977a, b, 1992; Alexander
way in only a few cases (Cracraft 1971; Rylander aadd Vernon 1975; Clark and Alexander 1975; Alexander
Bolen 1974; Clark and Alexander 1975; Cavagna et aet. al. 1980; Mochon and McMahon 1980; McMahon
1977; Dagg 1977; Alexander et al. 1979; Hayes and AB84; Blickhan 1989; Mi-netti and Saibene 1992; Farley
exander 1983; Roberts et al. 1997). Although most e-al. 1993; Minetti and Alexander 1997). However, bio-
mechanical analysis of the terrestrial locomotion re-
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phomety of the hindlimb Thus, this pper deals with the ment sites of the irolved nusdes as pesented onif. 6 (see Dis

musculosleletal system of the rgaie’s ley.

B. Materials and methods

Dead specimens ofldck-billed magpie Pica picg were piovided
by official game legoers in Flandes (Belgum). Dissection of the
hindlimbs (specimens 1-4, seable 1) was perbrmed with the
aid of a stezomicioscope (WILD M3Z), and a canmeetucida vas
used to ma& the illustetions. Musées or nusde bundles vere
grouped per limb sgment and desitred from supeiitial to deg-
er layers, stating from a lderal view. Within ead layer, musdes
are desdbed in alphaetical oder Musdes which can ory be
seen fom the medial side &re desdbed under a g@mte head
ing. The nomenlature follows tha of the Nomina Ang&gomica Ar-
ium (Baumel et al. 1993). Alllabreviations used a eplained in
Table 6. A sleletal peparation of the g and pelvic gdle of spee
imen 4 (Eble 1) was made and used to rkdhe oigin and inser
tion of the nusdes and tendons.dBitions of the #iachment sites
were represented on a scaleaidring (see kgs. 5, 6).

The plysiological cross-sections (= osde volume/meanibre
length) of the msdes or nusde bundles of specimen 3 gble 1)
were calculéed Musde volume was obtained im mass and den
sity of musde tissue (105kg/m?; Alexander 1983; dylor 1994).
To detemine the mean osde fibre length, the gmarte musdes
(or bundles) vere kept in a 30% HNQ solution Pr 24 h to dis
solve the conneote tissue (Lok and Gans 1986).0fy fibres
were then collectedtaandom, meased (computer digsation)
and aeraged

On a longtudinal section though the msde belly, pinnaion
angles or 10-15 ibres dosen aiequal intevals along the intexal
tendon sheet &re measwrd and weraged (Table 6). Lengths of
extemal and intemal tendon sheets (if @sent) vere also deter
mined (T&ble 6). Tendon ossitation was qualitéively scoed ty
manipuldion. The length of the osséd pat of the extemal ten
don is mentioned (as a pentaye of the total etemal tendon
length) in Bble 6.

In Table 6, a code is afkd to indicée the position of edc
musde with respect to the ossed joint. Ingphalangal joints
were not considexd This code is compiled a®ifows. The frst
capital represents the joint (H: hip, K: kned: ankle I: interdigi-

tal joint). Subsdpts indicde positions (Cr: @nial, Ca: caudal, P:

proximal, D: distal, M: medial, L: Ieeral; positional eferences a&
accoding to Baumel et al. 1993). As arxanple the code
K cdAc, Of a biaticular calf musde reads asdllows: the knee is
crossed leerocaudaly, and the ankle is ossed caudall

Moment ams of nusdes \ary accoding the paticular confg-
uration of the lg s@ments aary instant of the locomotionycle.
In the Discussion, aofmula is pesented to estinta the length of
the moment an based on the knee and hip andlarameter al-
ues br six nusdes (see @ble 7) were recalculéed from the didgfi-
saion (Houston Instiments HIRD) of the centes of the Had-

Table 1 Mass, bog and tasometgarsus length dr dissected
birds (specimens 1-4) and those usaddiision into boy sey-
ments (specimens 5--7)

Specimen  Mass Body length Tarsometgarsus length
9 (cm) (cm)
1 203 17.6 4.7
2 162 14.4 4.6
3 185 19.4 4.6
4 181 19.5 4.6
5 219 17.8 5.0
6 167 15.8 4.8
7 199 19.1 4.7

cussion).
The bog segments of thee other adult specimens (specimens
5-7, see dble 1) (head — nd¢ trunk — wings, tail, upper ¢ low-
er lgg, tasometsarsus and digs) were divided a the joints, and
their length and massese detemined (Tables 2, 3). Bsition of
the cente of mass (COM; as a pemtage of sgment length, &
ble 4) and moment of inga (MOI, Table 5) of all sgments &-
cept the digts were detemined r specimen 7. A suspension
method vas used to estinathe COM (Aleander 1983); the MOI
was measwd by means of a pendulum (Alander 1983; Smith
1987). The moment of ingia reflects the tenderycof a bog to re-
sist accelated iotations dout a speci€ axis. This is equialent
to mass inectilinear motion.

C. Results
I. Morphology
1. Musdes associted with the thigh émur, Fig. 1)

a) Supeiitial layer. M. flexor cruris lateralis: Most of
the ibres of the M. lexor cruris lateralis pas pelvica
(MFCLP, Fgs. 3B 6A, D) oiginate nuscular fom the
caudal parof the lderal crest of the ilium, just caudal to
the ilioischiadic foramen. he caudalmostilfres of this
musde aiise by an goneupsis tha passeswer the laer-
al surfaice of the ilium to the éans\erse pocess of the
cranial caudal grtebra. The paallel-fibred hundle uns
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N I
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Fig. 1 Pica pica lateral view of the hindlimb skletor:



A
MIC
MFCLP MIL
MGL MFPPD3
MFPD2
B
MITC
MITCR
MCFC MFTLI
MPIFL

patellar tendon
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Fig. 2A-C Pica pica hindlimb nusculdure: laeral view. A after

removal of the skin.B after emoval of the MFCL, MFL, MGL,
MGM, MIC, MIF and MIL. C After removal of the MCFC,

MFCM, MFPD2, MFPPD2, MFPPD3, MFTLI, MISFMITC,
MITCR, MPIFM, MPIFL and MTC. Br explanaion of ebrevia-
tions, see dble €
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ventrally along the caudal sa€e of the énmur and &

taches to a tendinouswhe in the hollw of the kneeOn
the distal sudce of the aphe the nusde fibres of the
pars access@ (MFCLA, Fg. 3B) aiise These ibres in

sett (Fig. 6¢) on the caudal andtéaal surfaces of thed

mur, directly above the congles (Fg. 1). The aphe con

tinues as a tendoni@ 3B) tha broadens andteades to
the medial sudce of the tibiotaus, betwen the &

morotibiotarsal ligament and the instgon of the M. fex-

or cruris medialis MFCM). Part of this dtachment stuc-

ture meges with the poneupsis of the M. gstiocne

mius pas intemedia MGl).

M. iliofibularis: The M. iliofibularis (MIF, Fgs. 2A,
3B, 6A, C) has a naow elongated oigin along the en
trolateral edg of the postacetalar ilium, dosal to the
ilioischiadic foramen and medial to theigin of the M.
iliotibialis lateralis (MIL). The atachment is nuscular
except for the canial ibres which originate by an ao-
neupsis. This goneupsis patly covers the M. iliotio-
chantercus caudalisNIITC). The fibres of this pinnted
musde run along the caudal sade of the émur where
they inset on an intenal tendon sheet. At thevie of the
knee joint, the xtemal pat of the tendon passes ¢lugh
the bices loop to insdéron the Tibeiculum m. iliofbula-
ris (Hg. 1) of the tibiotasus.

M. iliotibialis cranialis. The M. iliotibialis canialis
(MIC, Hgs. 2A, 3A, 6A) constitutes theamial aspect of
the thigh. e paallel-fibred nusde aises nusculaty
from the caniodosal ed@ of the peacethular ilium, -
cept for a ew fibres tha arise aoneuptically from the
spinous pocess of the lastdée dosal \ertebra (Fg. 1).
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The nusde fibres un to the tibiotagus, just bel the
knee joint, vihere theg/ inset patly musculaty and patly
aponeuptically via the péeellar tendon (inséion site:
Fig. 6C). The caudalibres of the anial pat are tightly
connected with the anial ibres of the M. iliotibialis l&
eralis MIL). Some ibres ae dtached to the sudce @o-
neuosis of the M. émoiotibialis medialis.

M. iliotibialis lateralis: M. iliotibialis lateralis (MIL,
Figs. 2A, 3B 6A) originates flom a narow elongated ar
ea along almost the ergilength of the ilium, betaen
the oigins of the M. iliotibialis canialis MIC) and M.
flexor curis lateralis pas pelvica MIFCLP). Cranially,
musde fibres dtac to the dosal side of the iliumyan
aponeupsis tha covers the M. iliotochanteicus cauda
lis (MITC) almost completgl The nusde fibres con
verge tavards an @oneupsis tha is common with the
M. femonotibialis laeralis et intemedius MFTLI). This
aponeupsis meges into the pllar tendon (inseion
site: Fg. 6C) which insets on the dmal edg of the l&
eral cnemial cest of the tibiotasus.

b) Medial layer. M. caudoémouslis pars caudalis The
M. caudoémomlis pas caudalis ICFC, Fgs. 2B 3A,
B, 6C) oiginates ly a narow tendon fom the laeroven
tral surbice of the pgostyle The nusde belly runs ce-
nially along the entral surfice of the M. isciofemoilis
(MISF) and passes beégn Mm. fexor cuuris lateralis
pars pelvica MFCLP) and fexor curis medialis
(MFCM) to inset tendinous} on the caudotaral sur
face of the émur just belov the tochanter At its inser
tion, the nusde is cavered by the M. iliofibulais (MIF).

M. femontibialis lateralis et intemedius M. femoo-
tibialis lateralis et intemedius MFTLI, Fgs. 2B 3A, B)
originates patly musculaty and patly aponeuntically
from almost the entr craniolderal and caniomedial
surface of the énur. The two paits (MFTL, Fg. 6A;
MFTM, Fg. 6B) ar tightly connected ¥ an intenal
aponeuptic she#h tha is atached to the anial surbce
of the fermur shank, bt their heads arseparated by the
Mm. iliotrochanteicus canialis MITCR) and medius
(MITM). The nusde fibres un ventrally to inset on a
large goneupsis tha meges into the pllar tendon
which also seres as the inston site (kg. 6C) of the M.
iliotibialis lateralis.

M. flexor cruris medialis The M. flexor cruris media
lis (MFCM, Fgs. 2B 3A, 6A, D) is the caudalmostus
cle of the thigh. It ases nusculaty from the caudoler-
al surface of the idaium. A few fibres dtach to the ao-
neupsis of the kdominal nusdes (M. pubocaudalisxe
temus) just behind the ibtum. The paallel-fibored M.

cle of the iliotiochantercus goup and aginates nuscu
larly from almost the entrlaeral surbice of the prace
tabular ilium. The fbres of the &n-sh@ed nusde run
caudoléerally to atach to the dosolderal edg of the
trochanter ly a shot tendon.

M. iliotrochanteicus cranialis: The M. iliotrochanter
icus canialis MITCR, Fgs. 2B 3A, B, 6A, C) aises
mainly musculaty from a narow stip on the canioven
tral edge of the peacetaular ilium, just in font of the
origin of the M. iliotrochanteicus medius MIITM). The
musde insets by a shot tendon on the aniolaeral sur
face of the wchanter As mentionedthis insetion ten
don passes bewaen the tw heads of the Memomtibia-
lis lateralis et intemedius MFTLI) and lies entral to
that of the M. iliotrochanteicus medius.

M. ischiofemoarlis; The M. istiofemormlis (MISF,
Figs. 2B 3A, B, 6A, C) lies dosally to the M. cauda
moralis pas caudalis FICFC) and aises nusculaly
from the léeral surfice of the idesium, betveen the ilie
ischiadic foramen, the leral crest of the ilium and the
ischiopubic tnesta. The nusde fibres comerge to a
small @oneuptic plae thd attaches to the cauddieral
surface of thedmur, just belov the tiochanter

M. puboistiofemoalis pars lateralis: The paallel fi-
bred M. puboishiofemoilis pas laeralis MPIFL, FHgs.
2B, 3A, 6A, D) is a lat and bpoad nusde tha aiises
mainly musculaty from a narow area on the @niolaer-
al surfice of the idaium, betveen the caudentral edge
of the obtuator foramen and the anial half of the dor
sal edg of the ishiopubic £nesta. The long nusde fi-
bres un to the caudal swate of the distal terthirds of
the femur, up to the caudomedial kdar of the intemal
condyle.

M. puboisbiofemomrlis pars medialis The M. pub
oischiofemonlis pas medialis MPIFM, Figs. 2B 3A,
6A, D) is a fat, broad nusde tha originates fom a nar
row area on the cauddieral surfice of the idgium, &-
tending along the caudal half of the slared@ of the is
chiopubic £nesta, just caudal to the igin of the M.
puboistiofemomlis pas laeralis (MPIFL). Cranially,
the fbres orginate musculaty wheras the caudal half
of the nusde orginates fom an @oneupsis. A Bw
degoer fbres ofginate from the memlane tha covers
the isdiopubic £nesta. The nusde insets musculaty
and goneuotically on the caudomedial sade of the
intemal congle of the &mur.

c) Deg layer. M. femonotibialis medialis The M. fe-
morotibialis medialis MFTM, Fgs. 3A, 6B D) alises
musculaty from almost the entr medial sudce of the

flexor cruris medialis inses by a wide tendon sheet onfemur. Halfway along the émur, the nusde divides into

the poximal pat of the medial sudce of the tibiotaus.
This sheet passes bat@n the pa intemedia MGI) and
pars medialis MGM) of the M. @stiocnemius. Ust be
fore the insdion, the fexor cruris lateralis and medialis
patly fuse

M. iliotrochanteiicus caudalis The M. iliotrochanter
icus caudalisNIITC, Figs. 2B 6A, C) is the lagest nus

two pats. The fbres of the tw pats mun ventrally to
mege into a tendon andtach to the caniomedial sur
face of the head of the tibiosus. e longr tendon of
the depest parinsets moe pooximally than the smaller
tendon of the supecial pat. The insetions ae coered
by the poximal pat of the M. @stocnemius par medi
alis MGM).
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Fig. 3A—-C Pica picg hindlimb nusculdure: medial viev. A Af-
ter emoval of the skin.B After removal of the MFCM, MFTM,
MGM, MIC, MOM, MPIFM, MPIFL. C After removal of the
MCFC, MEDL, MFCL, MFTLI, MGI, MGL, MIF, MIl, MIL,
MISF, MITC, MITCR, MITM, MP, MTC. For explandion of -
breviations, see adble €6
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ligamentum
collaterale

M. iliotrochanteicus medius The M. iliotrochanter
icus medius MITM, Fgs. 2C, 3A, B 6A, C) is the
smallest of the iliowchanteicus goup and ases nus
culaly from the entral edg of the peacetaular ilium,
just behind the dagin of the canial pat of this goup.
The musde fibres un caudolgerally to inset by a small
tendon on the aniolaeral surfice of the wchanter

M. obturatorius lateralis: The M. obtuatorius laera-
lis (MOL, Fgs. 2C, 6A, C) dginates nusculaly from a
small region on the dasal and canial magin of the ob
turator foramen. he lderal surface of the msde is cos-
ered by the insetion tendon of the M. obtatorius medi
alis MOM). The nusde fibres un to the caudal swate
of the emoml head wer most of them insemuscular
ly, together with the inséion tendon of M. obtwatorius
medialis. Someilbres inser on the inner suaite of this
insetion tendon of the parmedialis.

d) Medially situaed nusdes M. iliofemoalis intemus
The M. iliofemonlis intenus MII, Fg. 3A, B) is a ety
tiny musde aiising nmusculaty from the entral edg of
the ilium, betveen the dgin of the M. iliotrochantercus
medius MITM) and the acetalum. It insets muscular
ly on the caudomedial sade of the émur, caudal to the
origin of the M. £moiotibialis medialis MFTM).

M. obturatorius medialis The M. obtuatorius media
lis (MOM, Fgs. 3A, 6B C) is a fat, pinnded triangular
musde situded on the medial swate of the pelvic ig-
dle. The nusde fibres oiginate from an aea aound the
ischiopubic £nesta, thd is entiely covered by the nus
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cle. They corverge tovards an intemal gponeupsis tha
meiges in an gtemal tendon Wen passing tlough the
obturtor foramen. he tendon ins¢s on the caudotar-
al surface of the wchanter together with the M. obta
torius laeralis.

2. Mustes associted with the laver leg
(tibiotarsus andibula, FHg. 1)

a) Supeitial layer. M. fibularis longus The M. fbularis
longus MFL, Fgs. 2A, 3C, 6A) dginates nmusculaly
from a narow line between and on the inner sace of
the lgeral and canial cnemial eests of the tibiotaus,
just &ove the oigin of the M. tibialis canialis pas tibi-
alis MTCT) and belav the insetion of the péeellar ten
don. Some ibres oiginate from the joint ligaments of
the knee The nusde runs along the taral surface of the
lower legg tovards the ankle joint, and thédfes of the
dee layer ae tightly connected to the M. tibialis @nia
lis. Just dove the ankle joint, the tendon of the Nbu-
laris longus bifucaes, with the shaer, caudal band
extending to the mximolateral edg of the Catlago tib-
ialis. The longer, cranial band passes denwards, laer-
ally to the ankle joint, to the caudtdzal surfice of the

tarsometatarsus

MFHL
MFPD4

+
MFPD3

MFPPD2

hypotarsus

10 mm

|

Fig. 4 Pica picg doisal viav of the tasometgarsus and theypo-
tarsus. er explandion of abreviations, see dble €

surface of the knee jointyba shot gponeuosis tha is
connected with the pellar tendon. Te nusde
fibres inser on a supeitial gponeupsis tha meges
into the Adilles tendon. Tis tendon passes the Glar
go tibialis supeitially and #taches to most of the caudal
surface of the tasometéarsus, intuding the lypotasus.

b) Medial layer. M. flexor perbrans et pedratus digti
2. The M. fexor perbrans et pedratus digti 2
(MFPPD2 Fgs. 2B 4, 5C, 6A) oiginates tendinous
from the caudolaral surface of the etemal condle of
the fermur and is connected with theusde belly of the

tarsometéarsus. dist belov the typotasus, the tendon Mm. flexor perbratus digti 2 (MFPD2) and fexor per

attaches to the leral edg of the tendon of the Mlekor
perforatus digti 3 (MFPD3).

M. flexor perbrans et peidratus digti 3: The M.
flexor perbrans et pedratus digti 3 (MFPPD3 Fgs.
2A, B, 4, 5D 6A) covers the laeral surfice of the tibie
tarsus. he nusde originates: (1) fom the upper paof
the fbular ligament and fsm the &temal femowrl con
dyle by a tendon thiaalso seves as the agin of the Mm.
flexor hallucis longus NIFHL), flexor perbrans et per
foratus digti 2 (MFPPD2) and fexor perbratus digti 2
(MFPD?2), (2) from the medial suace of the leeral cne
mial crest and (3) fsm the poximal end of the ibula
next to the dtachment of theibular ligament. e pinna
ted nusde mepges into a tendon théirst passes tbugh
the Catilago tibialis, beneth the Adilles tendon and
lateral to the tendon of the Mlekor perbrans et perf
oratus digti 2, and then tlough an ossiéd dannel in
the typotaisus, caudal to thaf the M. fexor perbrans
et perbratus digti 2 and medial to thelmnnel fom the
M. flexor perbratus digti 4 (MFPD4, Hg. 4). The ten
don continies along the caudal sack of the taxometa
tarsus tovard the plantar suaice of the thit digit where
it perforates the tendon of the Mlekor perbratus digti
3 (MFPD?3) a the base of tharkt phalanx. e tendon
of the M. perbrans et pedratus digti 3 itself is perb-
rated by a bandt of the tendon of the Mldxor digto-
rum longus MFDL). It attaches to the cdifage between

forans et pedratus digti 3 (MFPPD3J). Its insetion ten
don passes mediglithrough the Cdilago tibialis, be
nedh the Adilles tendon and medial to the tendon of the
M. flexor perbrans et pedratus digti 3. It crosses the
hypotasus betwen the tendons of the Mniexor perf
oratus digti 2 (MFPD?2) (cranial) and fiexor perbrans et
perforatus digti 3 (caudal, kg. 4). The tendon contimes
downwards along the caudal sade of the taometéar-
sus to the plantar sade of the second digAt the first
phalanx, the tendon is peréted by a band of the ten
don of the M. lexor digitorum longus MFDL), and per
forates tha of the M. fexor perbratus digti 2. The ten
don insets on the cdilage between theifst and second
phalanx, and on the gximal end of the second phalanx
of digit 2 (Hg. 5C).

M. flexor perbratus digti 2: The slender M. l&xor
perforatus digti 2 (MFPD2, Fgs. 2A, B 4, 5B 6A)
originates on the caudentmal surfice of the xtemal
femoml cond/le by a tendon. Tis tendon is shad with
the M. fexor hallucis longusNIFHL), the M. fexor per
forans et pedratus digti 3 (MFPPD3) and the ma su
perficially situged M. flexor perbrans et pedratus dig-
ti 2 (MFPPD2. The bely of the M. texor perbratus
digiti 2 is connected to thaf the M. fexor hallucis lon
gus. The M. fexor perbratus digti 2 extends along to
the lgeral surfice of the tasometéarsus and iyes ise to
a slender tendon thauns [beneth the tendons of the

the second and thirphalanx, and to a small line on th&m. flexor perbratus digti 3 (MFPD3) and fexor per

proximal surfice of the thut phalanx (k. 5D).

M. gastocnemius pa lateralis: The M. @astiocne
mius pas laeralis MGL, Fgs. 2A, 3A, B 6A) originates
musculaly from the caudolaral surbce of the xtemal
condyle of the Emur. Some ibres aise from the lderal

foratus digti 4 (MFPD4)] towards the midle of the Car
tilago tibialis. Fom hee, it proceeds ttough a bannel
in the typotasus (kg. 4). When the tendoneades the
plantar surice of didt 2, it becomes peofated by the
tendon of the M. pedrans et pedratus digti 2 and a



retinaculum
extensorium
tarsometatarsus

Fig. 5A-D Pica pica sdhemdic drawings of the insaions of the
toe flexors and &tensos. A Dorsal viev. B-D Ventral views. For
explanaion of abbreviations, see @ble 6

tendon band of the M. fexor digtorum longus
(MFDL). The insetion is on the entral surbce of the
distal half of theifst phalanx (k. 5B).

M. flexor perbratus digti 4: The slender M. l&xor
perforatus digti 4 (MFPD4, Fgs. 2B C, 3C, 4, 5B) lies
on the caudal suate of the lwer leg and is badered
laterally by the bely of the M. fexor hallucis longus
(MFHL) and medialf by the M. 1exor perbratus digti
3 (MFPD3). The gponeupsis tha covers the ental sur
face of the masde is the place of @agin of some ibres of
the later musde. The nusde is covered by the M. qas
trocnemius par intemedia. he nusde originates fom
the intecondylar region of the &mur by a tendon. ust
before the ankle joint, the usde gves ise to a tendon
tha passes tlmugh the Cdilago tibialis & the caudol&
eral surfaice vher it is patly surounded  the fattened
tendon of the M.Iéxor perbratus digti 3 (MFPD3). It
passes tlaugh the ossiéd channel of the ypotasus la-
eral to the tendon of the Mleikor perbrans et pedratus
digiti 3 (MFPPD3) and caudal to theof the M. fexor
hallucis longus MIFHL, Fg. 4). Belov the typotassus,
the tendon is no lory surounded lp tha of the M.
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the tibiotasus. A tibial (MTCT Fg. 6A) and a émoal
head (MTCF) can be distinguishe@he former head
forms a thin sheet, andises nusculaly from the swr
face betwen and on the twcrests of the tibiotaus. e
femoml head is ceered by the tibial par and aises @o-
neuptically from the distalmost point of theasrial edg
of the extemal femoml cond/le. The femoml and tibial
heads fuse halfsy along the tibiotasus to mage into an
extemal tendon thiacontirues along the anial surfce
of the tibiotasus tevards the ankle joint.ukt dove this
joint, the tendon of M. tibialis anialis (t@ether with the
tendon of M. &tensor digiorum longus, MEDL) passes
through the Retinaculumxgensoium tibiotarsi (a con
nective tissue looptahe base of the tibiotsws, kg. 1) to
cross the ankle joint anially. It insets on the anial
surface of the pximal end of the tasometéarsus.

c) De@ layer M. extensor diggorum longus The fbres
of the M. tensor digorum longus KMEDL, Figs. 2C,
3B, 5A, 6A) oiiginate from the aea between the lteral
and canial cnemial @sts and fsm the canial surhce of
the poximal pat of the tibiotasus. e intenal gponeu
rosis of the pinn@d nmusde meges into the temal ten
don. This tendon etends entrlly and passes, gether
with the tendon of the M. tibialis anialis MTC),
through the Retinaculunxeensoium tibiotaisi. Immedi
ately below this ligament, the tendon passesotgh an

flexor perbratus digti 3. At the base of the plantar surossiied bidge of the tibiotasus. dist begond the ankle

face of theifst phalanx of dig 4 it bifurcates, brming a
shot lateral side band tha inseis on the entolateral

joint, the tendon contires though the Retinaculumxe
tensoium tasometsarsus (a small ligmentous loop,

surface of the distal end of thgdt phalanx. At the baseFig. 5A) to extend futher ventrally along the a@nial sur

of the second phalanx, the mairabd is perbrated ty a
brandh of the tendon of the Mldxor digtorum longus
(MFDL). The main band has a lwad insetsion on the
distal end of the second phalanx and on thélage be
tween the second and tthiphalangs (kg. 5B).

M. tibialis cranialis: The M. tibialis canialis (MTC,
Figs. 2B 3A, B, 6C) is situted 4 the canial surlce of

face of the tamomet#arsus. dist dove the metarsopha
langeal joint, the tendonifurcaes to the daal surhce
of the thee fiont digts. The insetion of ea® stand is
very comple (Fig. 5A). The band to digt 2 bifurcates
near the base of thérdt phalanx. Tie shoter, lateral
brandh A insets on the cailage between the ifst and
the second phalanx.h& longst, medial lanc B runs
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Fig. 6A-D Pica picg origins
(A, B) and insetions (C, D) of
the nusdes. A, C Lateral
views. B, D Medial views. For
explanaion of abreviations,
see Bble €

pateliar tendon

MFB

Cartilago
tibialis



distally along the dwal suréce of the dig to inset on
the poximal end of the law. The band to digt 3 is the
widest of the thee At the frst phalanx this land bifur-
caes to brm a medial (C) and taral (D) branc. Branch
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digit 4 also sends a vinculum to ins@n the poximal
end of the pentimate phalanx.

M. flexor hallucis longusThe M. fexor hallucis lor
gus MFHL, Fgs. 2C, 3C, 4, 5D6A) consists of tlee

C further dvides halfvay along theifst phalanx sending shot heads. Wo of them oiginate by the same tendon
a \ery shot lateral brand (C;, with a sesamoid) to thetha is datached to the xtemal femoial cond/le. A thin

proximal end of the second phalanxhel main band
continues distalf to fuse with banch D just in foont of
their common #achment to the mximal boder of the
claw. Near the base of the second phalanx, theraila
brandh D gves ise to a small sand D, tha fuses wer a
very shot distance with lanc C, ut readily separates

connectve tissue sheet connects it with thexamal pat
of the fbula. The tendon, heever, is perbrated by the
insetion tendon of the M. ilidbularis (MIF). From
thereon two heads & distinguished The thid, medial
head oiginates tendinougl from the intecondylar re-
gion of the &mur, distal to the dgin of the M. texor

from it again to insetr together with B on the base of the perforatus digti 3 (MFPD3). The headseadily fuse and

third phalanx. Te later is the second splitdfodf brand

meimge into a tendon thapasses tlmugh the Caiago

D. The band to digti 4 trifurcates near the distal end oftibialis. It runs lderally through the base of theypotar

the frst phalanx. e shotest band (F) lies betwen
the lgeral (E) and the medial (G) on&he thee band-
es insetron the poximal end of the that, fourth and un
gual phalanx,espectiely.

M. fibularis brevis. The M. fibulais brevis (MFB,
Figs. 2B C, 6A, C) oiginates fom almost the entrcla-
nial and laeral surbice of theibula and fom the adja
cent lderal surfice of the tibiotasus. e slender msde
belly runs futher davnwards along the @mnial suréce of
the tibiotasus and mees into a tendon. Bximal to the
distal end of the tibiotaus, this tendon passesdhgh
Retinaculum m.ibularis (Fg. 1) and contines entrally
to inset on the poximolateral surfice of the tarometa
tarsus, tose to the Wpotassus.

M. flexor digtorum longus The M. fexor digtorum
longus MFDL, Fgs. 2C, 3B C, 4, 5C, 6A, B)drms, to

sus (kg. 4). The tendon contimes along the caudal sur
face of the taomet#arsus and passes beten mettars-
als 1 and 2 wards the plantar suate of the hallux to
inset on the distal end of thér$t phalanx, via a vineu
lum, and on the pximal edg of the taw (Fig. 5D).

d) Medially situged nusdes M. flexor perbratus digti
3: The M. flexor perbratus digti 3 (MFPDS3, Fgs. 3C,
4, 5B) lies on the caudomedial sagcé of the tibiotaus,
between the Mm. Iexor perbratus digti 4 (MFPD4;
caudal) and léxor digtorum longus KMFDL; cranial).
The fbres orginate tendinoust from the intecondylar
region of the &rur, lateral and distal to the @in of the
M. gastiocnemius pa intemedia MGI). The insetion
tendon of the M. léxor perbratus digti 3 runs devn-
wards and passes along théelal surface of the Cdita-

gether with the M. Iexor hallucis longus (MFHL), the go tibialis, betveen the Abilles tendon (mar superiti-

so-called ‘dep’ flexors; their tendons arthe ‘dep plan

al) and the tendon of the Mlekor perbratus digti 2

tar’ tendons. Tiree heads of @jin can be distinguished (MFPD2; deger). At the lgel of the catilage the ten

The ibres fiom the laeral head dginate nusculaly and
tendinousy from the caudal suste of the mpximal end
of the fbula and the adjacent sade of the tibiotaus.
The ibres fom the Emoml head aginate from the cau
dal surfice of the etemal femoil cond/le. The medial
head aises nusculaly from the caudomedial sade of
the upper tw-thirds of the tibiotasus. Jist dove the an
kle joint, the fused heads ngerinto a tendon thigpasses
medially through the Cdilago tibialis. It uns though a
medial dannel & the base of theyipotasus (kg. 4).
The tendon contimes along the caudal sacke of the tar
sometsarsus. As in other &seiformes, thee is no vin
culum betveen the tendons of the dwdeg flexors. dist
above the mettarsophalangal joint, the tendonifurca
tes, sending one &nd to the plantar suate of eaa of
the front digts (FHg. 5C). At the base of ther§t phalanx

don is fattened and pdlly endoses the tendon of the M.
flexor perbratus digti 4 (MFPD4). These tw tendons
pass tgether though a btannel of the ypotasus
(Fig. 4), whereafter thg sepamte again. At the leel of
the frst phalanx, the tendon of the MexXor perbratus
digiti 3 is perbrated by the tendon of the Mldxor per
forans et pedratus digti 3 (MFPPD3) and a tendon
brandh of the M. fexor digtorum longus. Tie insetion
is situded on the plantar sate of the distal paof the
first phalanx and on the tiéage between the ifst and
second phalanx (§. 5B).

M. gastrocnemius pa intemedia The oigin of the
M. gastiocnemius par intemedia MGI, Fgs. 3A, B
6B) is sparted from thd of the pas medialis IGM)
by the wide flat insetion tendon of the M.Iéxor cruris
medialis MFCM). The M. @gstocnemius pa inteme-

of ead digt, the band perbrates the other tendonsdia otfiginates nusculaly and tendinougl from the cau

present: on dig 2, the Mm. fexor perbratus digti 2
(MFPD2) and fexor perbrans et pedratus digti 2
(MFPPD2), on digt 3, the Mm. fexor perbratus digti 3
(MFPD3) and fexor perbrans et pedratus digti 3
(MFPPD3) and on dig 4, the M. fexor perbratus digti
4 (MFPD4). All branches inseron the poximal end of
the daw a ead digt and send a vinculum to ingesn
the distal end of the pahimate phalanx. Tie band to

dal surfce of the intaral condle of the £mur. The
musde fibres un to the poneuotic sheet thiameges in
to the Adilles tendon (see deggtion of the M. @stioc-
nemius pas laeralis).

M. gastocnemius pa medialis The M. @gstiocne
mius pas medialis IGM, Fgs. 3A, 6B) ceers the M.
gastiocnemius par intemedia MGI) medialy and ais-
es ly two heads. fie canial head ases nusculaty from
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the medial edg of the ptellar tendon (the pallar band) Table 2 Length of lgg sgments or three specimens dfica pice
and also fom the medial suace of the @nial cnemial

crest of the tibiotasus. he caudal head iges fom the N9t (6m)  Specimen5  Specimen 6  Specimen 7

proximomedial surice of the tibiotaus. The heads Right Left Right Left Right Left

memge and their ibres inser on the @oneuotic sheet

forming the Adilles tendon (see deggtion of the M. BOdy+ head %2-38 %gg %g-é

gasnocr?emuus paf;}laerahsl,) . Upper gy 425 428 399 398 392 3.95
M. plantaiis: The M. plantais (MP, Figs. 3B 6B) is | qwer Ig 6.95 6.93 6.58 6.60 6.71 6.72

situaed d the medial sudce of the tibiotaus, canial to Tarsomettarsus 5.00 4.99 458 458 475 4.74

the M. gastocnemius par intemedia MGI). The oigin g_al!;DZ( g.gg g.gg %‘23 32% g.gé g.gg

i i ; : igi . . . . . .

is covered by the insetion tendon of the M.Iéxor cruris Digit 3 576 265 270 289 2851 2180

medialis. he nusde ailises nusculaty from the caudo
medial suréce of the pximal end of the tibiotaus,
caudal to thedmonotibiotarsal ligament. he nusde fi- Table 3 Total mass and mass ofjls@ments br three specimens
bres mege into a long slender tendon thacontirues of Pica pice

ventrally towards the Catilago tibialis to inser on its

proximomedial eds. Mass (g) Specimen 5 Specimen 6 Specimen 7
M. popliteus The M. popliteus is not psent inPica Right Left Right Left Right Left
pica. Instead ther is a shdy strong ligament betwen
the poximal pats of the tibiotasus and theilfula. Head + nek 36.19 32.10 34.35
Trunk + wings 141.06 103.49 127.42
Tail 1.92 1.80 1.76
. . Uppeteg 8.11 862 622 6.11 7.39 7.49
3. Musdes associted with the dot Lowerleg 9.74 924 7.06 7.02 815 822
(tarsometdarsus and phalares, kg. 1) Tarsomettarsus  1.16 1.16 091 0.91 1.02 1.05
Digits 112 111 091 091 1.06 1.04
M. extensor hallucis longusThe etremel slender M. Total specimen 219.43 167.44 198.95

extensor hallucis longusMEHL) lies on the @anial sur
face of the tamomet#arsus. It aises nusculaty from the
craniopoximal pat of the tasometé#arsus. At the agin,
the nmusde is patly covered ty the tendon of the M.xe
tensor digforum longus. Halfwy along the tesometa Segment COM (%) Measued from
tarsus, the msde meges into aihe tendon thiacontin

Table 4 Position of cente of mass COM) of the diferent bog
segments as a peentaye of the total sgment lengt’™:

ues along the caudal sack of metarsal 1 and the der Head —nek 59.01 Nedk-trunk joint
. . Trunk — wings 26.53 Nedk-trunk joint
sal suréice of the hallux to inseon the poximal edg of 14 3830 Trunk-tail joint
the daw. Upper ley 47.37 Hip joint
Lower leg 36.51 Knee joint
Tarsometsarsus 47.40 Ankle joint

4. Special suictures

. . . ) Table 5 Moments of ingia (MOI) of the diferent bog segments
a) Biceps loop (kg. 6C). The bices loop is a stmg lig-  for specimen 7
ament thasurounds the inséion tendon of the M. ilie

fibularis (MIF) at the caudolteral side knee joint. It has S&ment MOI (kg n¥) ~ With respect to
three limbs: one thattaches to the feeral surbice of the . 4 _ hee 4.11E-04 Nedk-trunk joint
distal end of thedmur just dove the &temal congle, a Trunk — wings 3.08E-04 Hip joint
second thiattaches to the d@ocaudal sudce of the @  Tail 5.81E-05 Trunk-tail joint
temal congle and a thid tha forms a connection be Upper g 3.19E-08  Hip joint
tween the second limb and thégim tendon of among -°"er & 6.1/E-08  Knee joint

S Tarsometdarsus + phala 2.94E-08 Ankle joint
othes, the M. fexor perbratus digti 2 at the level of the uS T phalanes o

proximolateral head of theilbula.

the insetion tendon of the M.»@ensor diggorum longus
b) Retinaculum x@ensoium tibiotarsi (Hg. 1). The in passes tlmugh the Bns supatendineus, an os#&d
setion tendons of the Mm.xéensor diggorum longus bridge. Distal to the ankle joint, the tendon passes
and tibialis canialis pass tlough this obque loop of through the Retinaculum xegensoium tasometéarsi
ligament. It is situeed & the caniocaniomedial sudce (Fig. 5A), a ligamentous loop sittied d the caniomedi
of the distal end of the tibiotsus, just bove the Bns al surfice of the t@ometsarsus. In specimen 3, this
supetendineus. loop shaved signs of ossitation.

c) Bridges of the M. densor digorum longus.After d) Ligament of the M.ilfularis brevis. The insetion ten
passing though the Retinaculumxgensoium tibiotaisi, don of the M. ibularis brevis passes tlough the Retinac



Table 6 Morphometical daa of specimen 3Abbreviations: Aan
kle; Ca caudal;Cr cranial; D distal; H hip; | intedigital joint; K
knee;L lateral; LET length of etemal tendonLIT length of inter
nal tendon;M medial; Mean FLmean iber length;PA pinnaion
angle; PCS physiological cross sectionOss ossifcation of ter
dons. Albreviations of nusdes: MCFC musculus caud@monlis
pars caudalisMEDL musculus gtensor digiorum longus;MFB
musculus ibularis brevis; MFCLA musculus fexor cruris lateralis
pars accessa@; MFCLP musculus fexor curis lateralis pas pet
vica; MFCM musculus fexor cmuris medialis; MFDL musculus
flexor digtorum longus;MFHL musculus fexor hallucis longus;
MFL musculus ibularis longus;MFPD2 musculus fexor perbra-
tus d2;MFPD3 musculus fexor perbratus d3;MFPD4 musculus
flexor perbratus d4;MFPPD2 musculus fexor perbrans et perf
oratus d2;MFPPD3 musculus fexor perbrans et pedratus d3;
MFTL(I) musculus émorotibialis laeralis (et intemedius);MFTI

217

musculus émoiotibialis intemedius;MFTM musculus émorotib-
ialis medialis; MGl musculus gstocnemius pa intemedia;
MGL musculus gstioc-nemius par laeralis; MGM musculus @s
trocnemius pa medialisMIC musculus iliotibialis canialis; MIF
musculus iliofbulans; MIl musculus ilioEmonmlis intenus; MIL
musculus iliotibialis lgeralis; MILmedmusculus iliotibialis léera-
lis medius;MILpre musculus iliotibialis léeralis pas preacetaul-
afis; MILpost musculus iliotibialis léeralis pas postacetaularis;
MISF musculus ishiofemomlis; MITC musculus iliotochanter
icus caudalisylITCR musculus iliotochanteicus canialis; MITM
musculus iliotbchantercus medius;MOL musculus obtuatorius
lateralis; MOM musculus obtuatorius medialis; MP musculus
plantars; MPIFL musculus puboiduofemomrlis pas laeralis;
MPIFM musculus puboiduofemonrlis pas medialis;MTC mus
culus tibialis canialis;MTCT musculus tibialis @nialis cgut tib-
iale

Musde Mass Mean FL PCS PA LIT LET Oss Position code
(9) (mm) (105 m2) ) (mm) (mm) (%)

MCFC 0.15 23.15 6.17 Heap

MEDL 0.11 8.97 1.23 17 32.45 104.65 Al

MFB 0.07 4.55 14.65 14 31.65 13.15 oL

MFCLA 0.08 7.62 10.00 Dea

MFCLP 0.37 25.44 13.85 Hea/Kcam

MFCM 0.19 18.96 9.54 HeaoKca

MFDL 0.34 8.06 40.18 19 40.20 87.00 31.55 Acdlca

MFHL 0.42 11.85 33.76 17 28.20 84.15 29.04 KedAcdlca

MFL 0.30 8.29 34.47 21 28.20 27.75 Lea

MFPD2 0.07 4.66 14.31 9 12.08 80.85 39.13 (Ked/Acdlca

MFPD3 0.08 5.26 14.49 18 23.15 84.05 36.30 cdlca

MFPD4 0.11 5.42 19.33 7 34.00 74.80 40.45 (Ked/Acdlca

MFPPD2  0.06 6.05 9.45 10 99.85 29.35 (Kea)/Acdica

MFPPD3  0.22 5.85 35.82 21 33.15 83.25 35.57 (Kea)/Acdlca

MFTL 0.49 10.95 42.62 47 19.79 Ker

MFTI 0.25 9.69 24.57 30 Ker

MFTM 0.12 5.82 19.64 19 19.79 Ko

MGI 0.18 6.90 24.85 49.10 KedAca

MGL 0.53 6.91 73.05 23 49.10 Kea/Aca

MGM 0.58 11.97 46.15 15 49.10 (Kw/Ac,

MIC 0.31 33.86 8.72 o Ker

MIF 0.36 18.72 18.32 17 15.40 HedKea

Ml 0.01 5.58 1.71 ber

MILmed 0.05 9.73 4.89 H /K ¢

MiLpre 0.11 24.10 4.35 27 Hice/K cr

MILpost 0.30 13.78 20.73 33 HicdKicr

MISF 0.14 4.28 31.15 Heal

MITC 0.29 5.81 47.54 8.95 Herl

MITCR 0.05 8.05 5.92 Herl

MITM 0.01 4.16 2.29 Herl

MOL 0.02 4.26 4.47 Hca

MOM 0.09 4.97 17.25 19.60 9.40 5.45 Hca

MP 0.02 6.00 3.17 13.50 8.60 Acap

MPIFL 0.27 16.56 15.53 caD

MPIFM 0.20 10.62 17.94 CaD

MTCT 0.38 17.53 20.65 13.60 33.25 19.45 or

MTCF 0.18 11.13 15.40 11.90 33.45 19.45 Ac/Ker

ulum m. fbularis (Fg. 1), a small liggment situged on
the caniolaeral surfice of the tibiotaus, laeral to the
attachment of the Retinaculunx&nsoium tibiotaisi.

[I. Morphomety
1. Sgmental déa

Length and mass of the thfent bog segments of thee
specimens (5—7; seallle 1) ae represented in dbles 2

and 3. Bble 4 gves the position of the ceetof mass as
a pecentae of the sgmental length. Moments of irt&x
of the sgments (with espect to the pximal joint) of
specimen 7 (@le 1) ae listed in Bble 5.

2. Muste daa
Muscular mophometics ae summased in TEble 6.

They are obtained fom specimen 3 @ble 1). Moment
amms ae dealt with in the discussion.
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D. Discussion

The pupose of this paer is to povide a dé& set useful
for further kinesiolgical and compative reseach on
terestial locomotion in bids. Dda on bog dimensions,
mass disibutions, moments of inBa and cen&s of
mass a indispendale when stide kinemdaics and gna
mographics nust be combined toain insight into the
medanics and engetics of locomotion. Fahemore,
profound knaevledge of the mopholagy and mophomet
rics of the nusde—tendon systems (psiological cross-

Il. Musde function

Although may musdes cetainly fulfil an essential sta
bilising role or cause non-planarglenovements dung
voluntay comple locomotoy behaiour, thee is no
doubt tha most d@tention nust be paid to the gtal
flexion—extension mgements of the @ sgments, if the
propulsion @gnamics of stight forward locomotion &
constant speeds constitutes the major point of @ster
(see Intoduction). Haevever, musde function deived
from an@aomy alone might be pme to misintgoretaion

sections, angles of pintian, presence and dimension®f the actual in wio function as otheractoss, sut as in
of intemal tendon sheets, ldban of d&tachment sites, stantaneous tegeomety, co-contactions of other ms
moment ams, etc) is needed if one ants to specuta cles, dmnamic constints (length—tension efation,
on nmusde function in locomotion based on the kindima force—elocity relaion, inetial effects), nusde architec

patems and joint gnamics (eg. Alexander 1974;
Alexander and ¥mon 1975; Wihter 1990a,b; Huijing
1992a,b; ¥@n Leeuven 1992; Aeis 1998).

I. Morphology

In geneal, the pesent desqution of the lg mophology
of Pica picaconforms with ealier treaises of hindlimb
musculdure in cowid birds (Shuéldt 1890; Hudson
1937). This is in @reement with the stydof Boredky
(1977) who desdbed the limb misdes of 17 covid spe
cies (induding Pica rutalli) and bund tha the mophot
ogy is very conseved within this &mily (except for
Pseudopodoces humilibased on Wich it was specula

ture, tendon compliancetiming and leel of actiation,
etc, can hge an impotant impact on therial efect of a
musde contaction. Neertheless, goss aneomical con
sidertions allav a first functional @assiication which is
useful vhen futher expelimental studies he to be un
dertaken to unavel the pecise oles of nusde—tendon
systems in the locomotor beheur. The actions (i.e
flexion and e&tension) poposed in Apendix Il ae
based on the psent dissections andeacompaed with
the intepretaions ty Hudson (1937), Grraft (1971),
Clak and Alxander (1975) and Raslv (1985). A g¢n
eral agreement in function as bund Musdes ciossing
more than one joint mashav up seeral times in this
list.

Among the warables required for further function

ed tha this species mbably does not belong to theanalsis, moment ams of nusdes ae of major impor

Cowidae).

Only some small dferences beteenPica picaand
the cowids (except Pseudopodoces humilidescibed by
Boredky (1977) ae noticed In Pica pica the M. obtusa-
torius laeralis is formed ly a single misde belly. Its di
vision into a dosal and entral pat by the insetion ten

tance: a slender msde with a lage moment an can be
a moe efective toque gnertor than a masge one iR
seting dose to the joint. Hoever, moment ans dhang
with the instantaneous cagfiration of the limb sg-
ments thoughout the locomotorycle and with the shifts
of the instantaneous ceatof motaion of the joints. In

don of the M. obtwatorius medialis, as as desdbed by principle, measuements should be used thee based
Boredky (1977), is notdund in the pesent dissections.on the pinciple tha work done ly tendon displacement
The mapie’s M. etensor diggorum longus has onexe must be equal to the mie@nical work at the otating
tra insetion on digt 4. The M. popliteus, ppaently ab- joint (e.g. Van Leeuven 1992). Hwever, the complgity
sent in other Catidae accaling to Boedky (1977), is and siz of the nusde—tendon system and thigaor of
represented inPica picaby a shot ligament (see Re the used specimens made Iswc pocedue not gasibe
sults). The Mm. fexor hallucis longus and lumicales for the pesent stug

are not bund in ay of the bur dissected specimens of Assigning one singlealue br a moment an & a

Pica pica
Although the standdised nomeriature of theNom#k

specifc joint is rather tivial, except for musdes of
which the tendons can be consigi@éras acting along a

na Andgomica Aiium (Baumel et al. 1993) is used in thgulley in the joint (i.e the moment an remains con

present desgotion, mary (functional) mophologists
might still be moe familiar with teminologies pedaing
this list (eg. Shukldt 1890; Hudson 1937; Byar 1960;
Geoge and Bager 1966) especiallbecausgfor some of
the lager leg musdes, the edier terminology conforms
to tha of the mammalian nomelature. As mary studies
on animal locomotion deal with mammals arettmus
cular systems &m a functional, ather than fom a com
partive point of viev, Appendix | lists the msdes

stant; eg. the knee ensos, ankle flexors and anklee
tensos). In sub cases, axed moment an is estiméd
from measwement of the sidetal pepartions (see fur
ther). For other nusdes, simple gometic modelling
may sufiice to obtain elevant estim&ées br moment
ams as a function of the angles of the joint. Bpress
ing the coodinaes of the #adhment sites of msdes
and tendons as a function of the angles of hip and, knee
the lines of action of the nsdes ae defned Consider

found in the mgpie’s leg together with their common ing this to be the tampt of a cicle cented in a cossed

synoryms.

joint, the moment an regarding this joint is gven by the



line of
action of
the MFCM

Fig. 7 Example of the boundgrconditions used to estireamo

ment ams of nusdes as a function of the hip and knee anglé,(
KA). The line of action of the MFCM connects the ceatof the
attachment sites on the pelvidrgle and the lwer leg, respectie-

ly. The radii of the cicles cented on hip My;,) and knee Nlyeq,

and toutiing the line of action,epresent the moment mis dout
hip and knegerespectiely. It is obvious tha these moment ars

will chang with dhanges in HA and/or KADotted linerepresents
segmental axis detenined ly hip and dosal side of the nd.

Table 7 Parameter @lues é—d ¢, ) to calculde moment ans

Musde a b c d o B

MFCM 0.00 0.00 017 041 317 3.71
MIF -0.13 0.79 0.00 0.14 0.00 3.13
MFCLP 0.00 0.00 011 039 3.01 335
MPIFL 0.03 048 000 0.17 0.00 3.86
MPIFM 031 072 000 029 0.00 3.78
MIT 0.10 085 000 047 0.00 0.23

circle’s radius. Wth respect to the hip and knemoment
ams ae gven by the mahemadical expression of this
bounday condition (seeig. 7):

Moment amy,, = (2/(1+m?))0->

Moment am,..= ((0.85m+t)2/(1+mg))0-5
(where gproprnate; see futher),

where m=(a+c sin(KA#)—d sin(HA+B3))/(b+c cos(KA+
o)-d cos(HA$)+0.85) and t=—d cos (HA¥» m+d
sin(HA+B). In these drmulage the \ariables KA and HA
are the knee angle and hip angtespectiely. The \al-
ues br the paametes a, b ¢, d, a and3 are musde de
pendent and argven for six musdes impotant in fex-
ion and/or g&tension of hip and knee inafle 7 (see
Fig. 7). To frame these constants, linear dimensioegew
nomalised to tssomettarsal length (standdrmeasue
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anaysis, see ig. 7). For the pupose of undestanding
the geneal function of nusde groups in locomotion, this
approac proved to be eliable and useful (seeof exam
ple Aetts 1998). © anayse the ole of a speci€ musde
in all its details, ma pecise measements of the aty-
ing moment an might be equired

1. Lg extension

Extensions of the hip, knee and ankle joints léely to
be involved in the pwer phase of the locomotoydes.
The massie hamstings (M. fexor curis lateralis pas
pelvica and M. ilioibularis, M. flexor cruris medialis)
and the Mm. puboisgiofemonlis ae the most impdant
hip extensos both in tems of mass and phiological
cross-section. Moment ias of these misdes, with e
spect to the hip, will tang duing extension accating
to the ggomety of the system (seedlile 6). Knee gten
sion tesults fom contaction of the bndles of the M.&
morotibialis and M. iliotibialis and these uades act on
the paellar tendon. A moment ar of &bout 5mm can be
estimded from the skletal pepamtion of a specimen
with a tasomet#arsal length of 46nm. The gstocne
mius (thee pats) is the most impdant ankle gtensor
Its medial and leral pats ae by far the lagest and
most Prceful musde bundles in the lg (as judgd by the
physiological cross section). fiis is in accatance with
the indings br the quail Cotumix cotumix: Claik and
Alexander 1975). As the long tendons of thexdrs of
the didts ar guided along the Ciago tibialis and
through the fipotasus & the bak of the tibiotasus and
tarsometgarsus, these msdes ae also assumed to con
tribute consideably to ankle &tension (cf Clak and Al
exander 1975). All these to&ekors tagether ae dout as
massve and brceful as the thee lundles of the M. gs
trocnemius. Mogover, since the tendons of the tdexf
ors act along the ‘puligé formed ly the catilage and the
hypotarsus, vhich ar also diectly covered ty the boad
Achilles tendon, the momentras of the toeléxors and
the M. gastiocnemius bndles nust be moe or less iden
tical. As a esult, it can be postukd tha the M. gstioc
nemius hindles and the todekors ae equaly important
in forceful ankle &tension 6r locomotion. Br a la
with a tasomet#arsal length of 46mm, the aeraged
moment am of the ankle xensos is estim&ed to be
about 5 mm. Manipuléion of the skletal pepamtion
suggests thathe instantaneous ceatof wotaion shifts
bakwards duing ankle &tension, vhereby the length of
the moment an deceases.

in birds; Sensson 1992). Aus, the obtained momen®. Ley flexion

ams ae also gpressed as adction of the tasometéar-
sal length. Tie knee angle is dekd ty the long axis of
the fermur and tibiotasus (& the ba& side of the Ig, see
Fig. 7), and the hip angleybthe long axis of theefmur
and the axis f'm the hip to the dsal side of the néc
(this sgment dehition is also useddr the kinemac

As judged Ly its position with espect to the hip and its
size, the lage M. iliotibialis cranialis can sa&fly be as
sumed to be the most impant hip fexor. As in the pi
geon Columba lvia: Cracraft 1971), the masse M.
iliotrochanteicus caudalis cannot be consigéras a
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femol protractor because theusde insets & the level
of the hip joint (see also Railw 1985). The hamsings
flex the knee The hundles of the M. gstocnemius a&
believed not to paicipate in ary significant way in knee
flexion as the biarcular tundles insdralmost lgerally
and \ery close to the knee joint (see Resultshich
makes the moment ar for the knee small, and tpres
negligible. Also, in the quail (Cldrand Alexander 1975)
and the pigon (Cacrft 1971), kneeléxing moments

in the magpie and the second is pdel fibred in the

quail. The pinndion angles ary between the species.
This might eflect actual diferences, bt may also esult

from the diferences in pscedue (histolaical sections

Versus maauscopic sectioning).

Table 6 lists nusdes for which ossifcations in the
long tendons occur (see also Olmos et al. 1993)a-Intr
tendinous ossifations do not seem to fakct the tensile
strength, it increase the sfifiess of tendons consider

by the lundles of the M. gstocnemius a assumed to ably (Bennett and Stédrd 1988; Olmos et al. 1993).
be unimporant. The moment ans of these hip and kneeTherefore, it is conduded tha tendon ossi€ations main

flexors (except for the M. iliofibularis) will chang dur
ing flexion accoding to the pdicular geomety of the
system duing the m@ement gcles (see dble 7; Fg. 7).
In case of the M. iliabularis, the oientaion of the in
setion tendon is detenined ly the bic@s loop vhich
malkes the moment ar & the knee indeendent of the
configuration of the lg sgments. It is estintad to be
5 mm for a lgg with a tasometsarsal length of 46nm.
The ankle islexed by the M. tibialis canialis. Contac
tion of the M. atensor diggorum longus also at$ to an
kle flexion. The tendons of both usdes ae constained
by several ligamentous and bgnbridges a the level of
the joint (among otherthe Retinaculax¢éensoium tibio-
tarsi and tasometgarsus; see Results).h&refore, the
moment ams of these x@ensor nusdes will be firly
similar to eah other and & estiméed on the shletal

ly function in aoiding stetding of long tendons ding
nomal behaiour (Bennett and Stidrd 1988; \anden
Berge and Staer 1995). Shdaening of the msde belly
is thus tansmitted to the tget joints without ap loss of
displacement @taion) due to tendon compliancg&his
is especiall important for shot-fibred, pinnae nmusdes
for which the nusde strain is limited (&tension of too
compliant tendons should competesdor all musde
shotening) and ér musdes with tendonsunning dose
to the cene of otation of the joints (tendon compliance
should eadily hamper joint gtension). In the ngpie,
only the toe lexors shev ossifcations. These misdes
have shot fibres, ae pinnae and the tendonsim just un
demeadh the joints.

One of the consequences of tendon asidn is thd
the potential ér enegy saving duiing locomotion ly

preparation to be less than 2ram for a specimen with a elastic tendon acoil is lagely reduced (Bennett and

tarsometsarsus of 46mm.

I1l. Muscle architectue

As far as ve knaw, only Cracraft (1971) and Cl& and

Alexander (1975) msent mgohometic daa for leg

musdes in bids. The former povides measwments of
pinndgion angles andilire length (meased on intact
preseved nusdes, ixed in a standing position), aselv
as estimees of the omber of thres (as aeldive mea

sure of force) and moment ars (for the standing posi
tion) of the pigon. Clak and Alxander (1975) pvide

measuements of mass and piriita angles (meased

on histolaical sections), and estirtes of coss-sectional
area and moment ars (measwerd on X-ays) for those
musdes of the quail (0.09%g) tha seem likely to exert

substantial drces duing running Only for the paallel-

fibred musdes ae closs-sectional aas diectly compa

rable to the plgsiological cross-section asigen in the
present pper (see dble 6). For pinnde nusdes, the ig-

ures ly Clak and Aleander (1975) should bewiiled

by the cosine of the pintian angle in oder to obtain
cross-sectional aa pependicular to the omsde fibres
(i.e. physiological cross-section as used in thigpea).

In geneal, the @peaance of nusde pinndion in the
leg musdes seems to be similaorfthe mgpie, the quail
(Clarkk and Alander 1975) and the mgn (Cacraft
1971). The M. iliofibularis and the M. iliotibialis ltera-
lis form noticedle exceptions. The frst is pinnge only

Staford 1988). But, since the mieanical popeties of
non-ossiied avian tendons & similar to those of mam
malian tendon (Bennett and Stafl 1988), it is inémred

that elastic ecoil does not plaan impotant ole in ter

restial locomotion of small bats aryway (Biewener et
al. 1981; Hges and Algander 1983; ®n Leeuven

1992). Fom this point of vie, fewer ossiications in

heavy, cursoiial birds, sub as the tley (Meleayris gal-

lopavo) (up to moe than 3&kg) should be xpected Sur

prisingly, in this species, tendon ossétion is etensve

(cf. Hudson et al. 1959). [Ewn the tendon of the Mag

trocnemius (thedrceful ankle &tensor) is ossiéd. This

is not the caseof Pica pica Her, the Adilles tendon is
not ossifed and has thusekt its enegy-saving poteng.

lll. Segmental d&a

For dynamic modelling the sgmental d&a presented in
this paer (mass and position of cemtnf mass, moment
of inertia) ae neededtogether with detailed irfrmation
on sg@mental displacement andogind eaction brces
during locomotion. he mebanical enagy delivered in
locomotion is usuayl split into etemal and intemal
work. The former elaes to the costof the meements
of the cente of mass of the total bydthe ldter to the
movements of the bgdwith respect to thatotal cente
of mass. If the masses of yosegments a& much smalt
er than the total mass (ancbnsequenyl also the meo
ments of inetia), the intenal work componentsealaed



to the displacements of thesgsents will be ngligible
in the total enagy budget. Tables 3 and 5 shw tha the
masses and especiallhe moments of inéa of all leg
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should be urealistically high). This implies thg for the
pumpose of compang different qaits, a eliable estimae
of the mebanical costs will be obtaibke from the ener

segments a& small compad to those of the head andjy fluctuaions of the ceng of mass aloneSud dda

trunk. The masses amount to grd small pecentge of
the total bogt mass, wereas the moments of iner ae
about 1@ times smaller than those of thertk and head
Therefore, it can be assumed than calculding the me
chanical costs of locomotion Rica pica enegy fluctu-

ations coupled to lg movements (i.eintemal work) will

be ngligible (unless linear and angular accafiens

can easif be computed tven the measaments of
ground eaction brces ae available. Only for gaits dar
actersed ty consideable roll and/or pith and/or yw of
the bog, adlitional enegy components maneed to be
added Kinemdic analsis nust bing a decisie ansver
to this.

Appendix | (common synonyms)

Baumel et al. (1993)

Caudoémoulis pas caudalis
Extensor diggorum longus
Femonotibialis intemedius
Femonotibialis laeralis
Femootibialis medialis

Fibularis brevis (peioneus bevis)
Fibularis longus (pesneus longus)
Flexor cuuris lateralis pas accessoa
Flexor cuuris lateralis pas pelvica
Flexor cruris medialis

Flexor digitorum longus

Flexor hallucis longus

Flexor perbrans et pedratus digti 3
Flexor perbrans et pedratus digti 2
Flexor perbratus digti 2

Flexor perbratus digti 3

Flexor perbratus digti 4
Gastocnemius par intemedia
Gastocnemius pa laeralis
Gastocnemius par medialis

lliof emolis intenus

lliofibularis

lliotibialis cranialis

lliotibialis lateralis

liliotr ochantercus caudalis

lliotr ochantercus canialis

lliotr ochantercus medius
Ischiofemolis

Obturatorius lateralis

Obturatorius medialis

Plantars

Puboistiofemomlis pas medialis
Puboistiofemonlis pas laeralis
Tibialis cranialis cgut tibiale

(1) Hudson (1937); (2) Bger (1960); (3) Shufldt (1890)

Piriformis (1,2); Emoocaudalis (3)

Extensor longus ditpbrum (3)

Cruraeus (3)

Vastus gtemus (3)

Vastus intemus (3)

Tibialis posticus (3)

(1,2,3)

Accessoius semitendinosi (1,2,3)
Semitendinosus (1,2,3)

Semimembanosus (1,2,3)

Flexor perbrans digtorum piofundus (3)

Flexor longus hallucis (3)

Flexor perbratus medius secundus pedis (3)
Flexor perbratus indicis secondus pedis (3)
Flexor perbratus indicis pimus pedis (3)

Flexor perbratus medius pmus pedis (3)

Flexor perbratus anmlaris primus pedis (3)
Gastocnemius par media (1,2)

Gastocnemius pa extema (1,2)

Gastocnemius parintena (1,2)

lliacus (1,2)

Biceps femoiis (1,2); bices fexor cuuris (3)
Satorius (1,2,3)

lliotibialis (1,2); gluteus pmus (3)

lliotr ochantercus posteor (1,2); gluteus medius (3)
lliotr ochanteicus anteior (1,2); gluteus minims(3)
1,2,3)

Obturator extemus (3)

Obturator extemus (1,2); g@mellus (3)

Obturator intemnus (1,2,3)

Soleus (3)

Adductor longus et lawis pas posteior (1,2); adluctor mgnus (3)
Adductor longus et wis pas anteior (1,2); adluctor longus (3)
Tibialis anteror (1,2); tibialis anticus (3)

Appendix Il

Hip extensos
Puboistiofemolis pas medialis
Puboistiofemonlis pas laeralis
Flexor cris lateralis pas pelvica
lliofibularis
Obtestorius medialis
Flexor cruris medialis

Flexor cris lateralis pas accessa

Caudoémonlis pas caudalis
Obtetorius leaeralis

Mass Fraction PCS Fraction

0.203 0.027081109925293 20.2 0.028861265895128
0.273 0.036419423692636 18.3 0.026146592370339
0.374 0.049893276414088 16.5 0.023574796399486
0.359 0.047892209178228 15.8 0.022574653521932
0.091 0.012139807897545 13. 0.019002714673525

3
0.189 0.025213447171825 9.8 0.014002000285755
0.078 0.010405549626467 9.4 0.01343049007001
0.145 0.019343649946638 5.5 0.0078582654664952
0.025 0.0033351120597652 4.9 0.0070010001428776
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Mass Fraction PCS Fraction
Knee &tensos
Femontibialis laeralis 0.489 0.065234791889007 36.1 0.051578796970996
lliotibialis lateralis 0.463 0.061766275346852 23.6 0.033719102728961
Femonotibialis intemedius 0.247 0.03295090715048 17.7 0.025289327046721
lliotibialis cranialis 0.305 0.040688367129136 7.3 0.010430061437348
Ankle extensos
Gastpcnemius par laeralis 0.531 0.070837780149413 72.0 0.10287183883412
Gastocnemius pa medialis 0.580 0.077374599786553 50.2 0.071724532076011
Flexor digitorum longus 0.336 0.044823906083244 43.6 0.062294613516217
Fibularis longus (pesneus longus) 0.302 0.040288153681964 41.6 0.059437062437491
Flexor hallucis longus 0.419 0.055896478121665 32.0 0.045720817259609
Flexor perbrans et pedratus digti 3 0.219 0.029215581643543 32.0 0.045720817259609
Gastocnemius par intemedia 0.179 0.023879402347919 24.9 0.035576510930133
Flexor perbratus digti 4 0.106 0.014140875133404 18.2 0.026003714816402
Flexor perbratus digti 2 0.068 0.0090715048025614 14.5 0.02071724532076
Flexor perbratus digti 3 0.078 0.010405549626467 12.9 0.01843120445778
Fibulans brevis (peoneus bevis) 0.067 0.0089381003201708 11.1 0.015859408486927
Flexor perbrans et pedratus digti 2 0.058 0.0077374599786553 10.1 0.014430632947564
Plantars 0.024 0.0032017075773746 4.50 0.0064294899271324
Digital extensos
Extensor digorum longus 0.113 0.015074706510139 9.50 0.013573367623946
Hip flexors
lliotr ochantercus caudalis 0.293 0.039087513340448 40.5 0.057865409344192
lliotibialis cranialis 0.305 0.040688367129136 7.30 0.010430061437348
lliotr ochantercus canialis 0.052 0.0069370330843116 4.50 0.0064294899271324
lliotrochanteicus medius 0.006 0.00080042689434365  1.10 0.001571653093299
lliof emolis intenus 0.006 0.00080042689434365  0.80 0.0011430204314902
Knee texors
Flexor cuuris lateralis pas pelvica 0.374 0.049893276414088 16.5 0.023574796399486
lliofibularnis 0.359 0.047892209178228 15.8 0.022574653521932
Flexor cruris medialis 0.189 0.025213447171825 9.80 0.014002000285755
Ankle flexors
Tibialis cranialis 0.376 0.050160085378869 17.6 0.025146449492785
Tibialis cranialis caut femomle 0.178 0.023745997865528 12.5 0.017859694242035
Extensor digorum longus 0.113 0.015074706510139 9.50 0.013573367623946
Digital flexors
Gastocnemius pa laeralis 0.531 0.070837780149413 72.0 0.10287183883412
Gastocnemius pa medialis 0.580 0.077374599786553 50.2 0.071724532076011
Flexor digitorum longus 0.336 0.044823906083244 43.6 0.062294613516217
Fibularis longus (pesneus longus) 0.302 0.040288153681964 41.6 0.059437062437491
Flexor perbrans et pedratus digti 3 0.219 0.029215581643543 32.0 0.045720817259609
Flexor hallucis longus 0.419 0.055896478121665 32.0 0.045720817259609
Gastocnemius par intemedia 0.179 0.023879402347919 24.9 0.035576510930133
Flexor perbratus digti 4 0.106 0.014140875133404 18.2 0.026003714816402
Flexor perbratus digti 2 0.068 0.0090715048025614 14.5 0.02071724532076
Flexor perbratus digti 3 0.078 0.010405549626467 12.9 0.01843120445778
Flexor perbrans et pedratus digti 2 0.058 0.0077374599786553 10.1 0.014430632947564
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